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Optical fibers are getting significant considerations in the field of the sensors and
sensing beyond its applications in optical communications. Because of several
advantages, e.g., low profile of the sensors, immunity to electromagnetic noises, the
ability of multiplexing, etc., the use of the fiber optic sensor is increasing in the field of
physical, chemical, and biomedical sensing. In this study, we have developed two new
fiber optic sensors based on fiber loop ringdown technique (FLRD) and have
demonstrated their applications in the field of sensing.
In the first part of this study, we report on the development of a high-sensitivity
FLRD strain sensor. For the design of the strain sensor, the fiber loop was cut at the
middle, and then the two fiber ends from broken fiber loop were cleaved and aligned
carefully to couple the light from one end to another end. Any strain during the
measurement changes the alignment of the fiber ends, consequently, the ringdown time
changes. With this scheme, the FLRD strain sensor has shown the strain detection limit of
65 nanostrain, which is five times better than any FLRD strain sensors reported in the
literature. Furthermore, The FLRD strain sensors were successfully embedded into
prestressed concrete-beams.The FLRD strain sensor was able to monitor stress on a post-

tensioned rod, as well as the load applied on the concrete-beam during the three-point
loading test, thus exhibiting immense potential in structural health monitoring.
For the chemical sensor, a new scheme of interrogation for a fiber optic surface
plasmon sensor was developed with the use of the FLRD technique. A gold nanolayer
was deposited on an uncladded fiber section, and the fiber section was integrated into the
FLRD system as a sensor head. The gold layer facilitates for increased interaction of
sample of interest, with the light pulse confined in the fiber waveguide. Moreover, with
the affinity of the gold with specific biomolecules, the sensor has the potential for
applications in biochemical sensing. In the experiment, the SP-FLRD sensor was used for
refractive index sensing, and index detection limit of 4.6×10-5 RIU was achieved.
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CHAPTER I
INTRODUCTION
In the present world, the demand for sophisticated, dedicated, and versatile
sensors and sensing technology is rapidly increasing with the technological and industrial
striding. Optical fiber-based sensors have started to emerge in the field of sensors and to
solve problems in measurement. Since the mid-1970s, the optical fiber was present in
commercial communication networks. At the same time, the first definitive paper on the
optical fiber sensors was reported [1]. Optical fiber sensors do share the same basic
technique as the communication networks. However, each fiber sensor developed is
slightly different from others, unlike the fibers used in communication [2]. Because of the
characteristic features of high sensitivity, small footprint, immunity from electromagnetic
interference, capability of distributive sensing, etc., the use of fiber optic sensor is
steadily trending upward. In recent years, fiber optic sensors are not only limited to the
developmental stage in the laboratory, but they are also being used considerably in
industrial applications [3]. The applications of the fiber optic sensor have been found in
physical sensing (strain sensing, pressure sensing, vibration sensing, etc.), chemical
sensing (PH sensing, index sensing, etc.), and biological sensing (glucose sensing, DNA
and bacteria sensing, etc.). In this study, we will focus on the development of new fiber
optic sensors for physical and chemical sensing using fiber loop ringdown (FLRD)
technique.
1

1.1

Cavity ringdown spectroscopy
Cavity ringdown spectroscopy (CRDS) is a form of laser absorption spectroscopy

in which a laser pulse is trapped in a cavity formed by two highly reflective mirrors with
reflectivity >99%. In cavity ringdown technique, the laser light gets reflected back and
forth multiple times in between these two highly reflective mirrors, providing the
effective length of the sample-light interaction hundreds of times larger than the cavity
length itself. Therefore, the interaction of the light (absorption or scattering) with the
sample in the cavity is multifold, which makes the CRDS a highly sensitive spectroscopic
technique. However, in the CRDS technique, instead of measuring an absolute
absorbance of the light, generally a decay rate of the high-intensity light built up inside
the cavity is measured when the light source is shut off.

Figure 1.1

Schematic representative of cavity ringdown spectroscopy.

A schematic representation of cavity ringdown spectroscopy and typical ringdown signal.
When the frequency of the laser is in resonance with the cavity mode, a high
intensity builds up in the cavity because of the constructive interference. When the laser
source is turned off, the intensity of the light in the cavity decays exponentially, as given
by the relation,
𝑡

𝐼 = 𝐼0 𝑒 −𝜏
2

(1.1)

where I is the initial intensity of the light at any time t, I0 is the initial intensity of the
light, and τ is the characteristics time constant of the exponentially decaying signal,
known as the ringdown time. The ringdown time depends upon the reflectivity of the
mirrors and the interaction of the laser light with the sample present in the cavity. When
there is increased optical attenuation due to absorption/ scattering of the light by the
sample present in the cavity, the ringdown time decreases. Therefore, in CRDS, instead
of direct measurement of attenuation of the light as in traditional absorption
spectroscopy, the attenuation is measured in terms of ringdown time.
1.2

Fiber loop ringdown (FLRD)
In terms of the multipass interaction of the light with the sample, the FLRD

technique resembles the CRDS [4]. The CRDS technique is well established for the
detection measurement for the sample in the gaseous phase. However, for a liquid
sample, the optical loss will be significantly high, and the number of round trip of the
light in the optical cavity decreases significantly. Although there are some reports on the
use of CRDS for liquid samples contained in cuvettes [5], any component present in the
optical transmission path significantly decreases the transmission efficiency of the light,
and hence reduces the sensitivity of the measurement.
Because of the very high transmission power of the optical fiber, it appears
reasonable to construct a cavity ringdown system by using an optical fiber. Loock et al. in
2002 [4] have successfully demonstrated the ringdown cavity system made up of an
optical fiber as the fiber loop ringdown (FLRD) technique and utilized the FLRD
technique for the spectroscopic measurement of the very small volume of liquid sample.
Since then, different FLRD sensors are reported for physical sensing [6], chemical
3

sensing [7], and biological sensing [8], [9]. In the following sections, we discuss the
FLRD system in details.
1.3

Experimental setup for fiber loop ringdown
A schematic representation for FLRD ringdown system is presented in Figure 1.2.

Main components of the FLRD system can be divided into three major parts, namely: a
fiber loop unit, a Laser source and a controller electronics for the source, and a detector
and data acquisition system.

Figure 1.2

Fiber loop ringdown system.

A schematic representation of fiber loop ringdown system showing control electronics,
laser diode, fiber loop, photodiode detector and a set of detection electronics.
1.3.2

Control electronics and laser source
For the FLRD system, a continuous wave distributed feedback diode laser at the

wavelength of 1515 nm (NEL Electronics) is used as the laser source which was
controlled by a laser current controller and temperature controller. Since an FLRD system

4

required a pulsed light source, a periodic pulse of the negative square wave was provided
to the laser current controller by using a trigger generator (SRS DG 535).
1.3.3

Fiber loop
The fiber loop unit consists of a closed loop of about 120 m long step index single

mode fiber (Corning 28-e). Two FC/APC fiber connectors are coupled with the fiber loop
by using two fiber couplers (1×2) with a coupling ratio of 99.9:0.1. A section of the fiber
in the middle of the fiber loop is modified to develop some mechanism to offer a change
in transmission loss with corresponding measurement events, and the part of the fiber
loop is known as the sensor head.
1.3.4

Detection Electronics
The detection electronics system consists of a photodiode (PD) detector, an

oscilloscope, and a computer preloaded with homebuilt ringdown software. In the
experimental setup, a switchable gain amplified PD detector (PDA10 CS, Thorlabs) was
used as the detector, the signal from the PD detector was then provided to both
oscilloscope and trigger generator (control electronics). The gain setting of the PD can be
changed from 0dB to 70dB, with 7 steps of 10 dB each. However, the bandwidth of the
PD detector depends upon the amplification gain setting, a bandwidth of 17 MHz at 0 dB
gain, while the bandwidth of 12 kHz at 70 dB gain setting can be obtained. In general, the
amplification used in our experiments were 30 dB and 40 dB, for which the bandwidth of
the PD detector were 775 kHz and 320 kHz respectively. The Oscilloscope used in our
experimental setup was Tektronix TDS 410A, which had a bandwidth of 200 MHz.

5

1.4

Working principle
When a laser pulse is coupled into the fiber loop via the input terminal, the laser

pulse travels many round trips along the fiber loop. In each round trip, a portion of the
laser pulse (0.1%) is coupled out via output coupler, and the signal is detected by the PD
detector. Due to the transmission loss on the optical fiber, optical loss on the sensor due
to sensing events, and optical losses on the couplers, the intensity of the laser pulse in
each round trip decreases exponentially. Therefore, the signal detected by the PD detector
in each round trip decreases as single exponential decay. The characteristic time of this
single exponentially-decaying curve is known as the ringdown time (τ). A feedback
signal from the PD detector is applied to the pulse generator, which generates a series of
the negative square wave (2V at 10 Hz). This series of the negative square wave is then
provided to the laser current controller, which drops the laser current below the lasing
threshold (typically <19 mA). Thus, with the feedback from the PD detector, a series of
laser pulses of pulse width less than 20 ns was generated. To allow sufficient time for the
ringdown decay, the laser modulation frequency was set at 10 Hz. Since the bandwidth of
the PD detector is not high enough to resolve each spike of laser pulse detected by the PD
detector, the signal received by the oscilloscope is a nearly-smoothed envelope of the
exponentially decaying signal as shown in Figure 1.3. This signal is then displayed in the
oscilloscope in real time, and at the same time, it is coupled to the computer connected to
an oscilloscope. The computer software digitizes the signal into 1000 data points, and
linearly fits the logarithm of the data. Since the signal from the detector is single
exponential decay, the logarithm of the signal is a straight line, and the slope of the line is

6

the ringdown time. The computer software generally takes an average of 50-100
ringdown times, and plots a curve in the real-time axis.

Figure 1.3

A typical ringdown signal for FLRD system.

A typical ringdown signal from the FLRD system with the 30dB gain on the PD detector
at lower gain setting, each of the peak is correctly resolved while in a higher gain setting,
a smoothed curve is obtained.
Let I be the initial intensity of the light pulse detected by the detector at any time
t, L be the length of the fiber in the fiber loop, n be the refractive index of the material of
the fiber core, c be the speed of the light, and A be the total loss (insertion loss, fiber
transmission loss, and scattering loss) in each round trip around the fiber loop, then the
rate of change of the intensity at any time can be written as,
𝑑𝐼
𝑑𝑡

𝐼𝐴𝑐

(1.2)

= − 𝑛𝐿

From the above equation, the intensity of the laser pulse at any time is given by,
𝐼 = 𝐼0 𝑒𝑥𝑝 (−

𝑐𝐴𝑡
𝑛𝐿

)

(1.3)

The time required to decay the intensity of the pulse by 1/𝑒 of the original intensity is
7

known as the ringdown time, and the ringdown time is given by,
𝜏0 =

𝑛𝐿
𝑐

1

(1.4)

∙𝐴

When there is an extra optical loss generated in the sensor head due to sensing activity,
the new ringdown time (τ) can be expressed as,
𝜏=

𝑛𝐿
𝑐

1

(1.5)

∙ 𝐴+𝐵

As seen in the equation 1.5, by measuring the ringdown time, an information about the
change in optical signal level due to measurement event is obtained. Therefore, in the
ringdown technique, no absolute measurement of the light intensity is required.
1.5

Detection sensitivity
The detection sensitivity of an optical sensor is often expressed as a minimum

optical loss that can be detected by the sensor. In the FLRD system, because of the
multipass interaction of the light with the sample in the sensor head, the detection
sensitivity of the sensor is several times better than a single pass absorption measurement.
From the Equations 1.4 and 1.5, the extra optical loss on the sensor head due to presence
of sensing medium can be written as,
𝐵=

𝑛𝐿
𝑐

1

1

∙ (𝜏 − 𝜏 )
0

(1.6)

With ∆𝜏 = 𝜏0 − 𝜏, and the round trip time for the light around the fiber loop 𝑡𝑟 = 𝑛𝐿⁄𝑐,
the Equation 1.6 can be written as,
𝑡

∆𝜏

𝐵 = 𝜏𝑟 ( 𝜏 )
0
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(1.7)

Considering the one standard deviation of the baseline ringdown signal, 𝜎𝜏 , as the
minimum detectable ringdown signal on the FLRD system, the minimum detectable loss
on the fiber sensor can be written as,
1

𝜎

𝐵𝑚𝑖𝑛 = 𝑚 ( 𝜏𝜏)

(1.8)

𝑡

Where 𝑚 = 𝜏0 is the total number of round trip made by the light pulse in the fiber loop
𝑟

before intensity of the pulse ceased to a level below the minimum detectable threshold of
the detector. In a typical FLRD experimental system, the stability of the signal (𝜎𝜏 ⁄𝜏) can
be achieved at the level of 0.1% which is a typical level of minimum detectable change in
the intensity-based sensing system [10]. Therefore, by using the multi-pass intractability
of the FLRD, the detection limit of the sensor is improved by the factor of m.
1.6

Advantages of the FLRD system
In the CRDS system, excitation of the cavity mode needs an exact adjustment of

the cavity mirrors to match the cavity with the frequency of the light when a CW source
or a pulse source of pulse width comparable to the cavity round trip time is used [11].
Moreover, the cavity needs to be maintained at an ultra-low loss, which required a set of
highly-reflective mirrors. Furthermore, a typical mirror-based cavity system has a 1m
long cavity, corresponding to a small round trip time. Therefore, the pulse width needs to
be very small to avoid any interference effects. However, in FLRD, use of the
telecommunication-grade single mode fiber in the fiber loop allows us to make a cavity
(loop) of hundreds of meters without any significant optical loss, thus avoiding the cost
of a high-speed source and receivers. Because the transmission loss on the single mode
fiber is minimal (typically less than 0.3 dB per km), many round trips can be obtained,
9

consequently, increasing the sensitivity of the sensors. Yet, because of the ringdown time
of around tens of microsecond, a quick response of the sensor can be achieved.
Moreover, a cavity ringdown system is a time-domain sensing technique. Therefore, no
absolute measurement of the signal intensity is required. Consequently, the sensor system
remains unaffected by small fluctuations in the intensity of the source, which would,
otherwise significantly affect the measurement in traditional absorption spectroscopy.
Because of these advantages, the FLRD system is gaining popularity in the fields of
optical sensors and sensing [12]–[18].
In the following sections, we will discuss the FLRD strain sensor as a physical
sensor and the FLRD surface plasmon sensor as a chemical sensor developed on the
FLRD platform.
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CHAPTER II
FIBER LOOP RINGDOWN STRAIN SENSOR
Most of the contents of this chapter is adapted from the author’s published
articles, with the copyright permissions from the respective publishers.
[19] M. Ghimire and C. Wang, “Highly sensitive fiber loop ringdown strain sensor with
low temperature sensitivity,” Meas. Sci. Technol., vol. 28, no. 10, p. 105101, Oct. 2017.
[20] M. Ghimire and C. Wang, “Development of high-sensitivity fiber loop ringdown
micro air-gap strain sensor,” in Advanced Photonics 2017 (IPR, NOMA, Sensors,
Networks, SPPCom, PS), 2017, p. SeW1E.4.
2.1

Introduction
Strain sensors have a wide range of applications, for example, to monitor the

stress/strain data from the plane body and wings from an airplane, monitoring the seismic
activities during the earthquake or in other seismic events, and nevertheless in structural
health monitoring (SHM) of civil structures. Like other fiber optic sensors, fiber optic
strain sensors also carry the same advantages over traditional sensors, for example, small
footprints, immune to electromagnetic noise, susceptible to fully-distributive sensing.
Therefore, several different fiber optic sensors were already studied in the laboratory, and
practice has been made to solve the problem in several field of application. Although
there are several sensitive dynamic strain sensors reported in the literature with a
sensitivity of few nano-strain (nε) or better [21], fiber optic sensors in static strain sensing
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is struggling to show its presence. One reason for this is due to the requirement of
absolute measurement in static strain sensors, while in dynamic strain sensing, no
absolute measurement is required [22]. The sensitivity of the fiber optic static strain
sensor is currently limited to the order of a microstrain. For example, the strain detection
limit reported is 2.0 pm/µε for a typical fiber Bragg grating (FBG)-based strain sensor
[23], 10 pm/ µε for a long period grating (LPG)-based strain sensor [24], 7.0 pm/ µε for
the Mach-Zehnder interferometer (MZI)-based strain sensor [25], 43 pm/ µε for a FabryPerot interferometer (FPI)-based strain sensor [26]. Since this sensing scheme utilizes an
optical spectrum analyzer (OSA) for the signal interrogation, the sensitivity of the sensor
depends upon the spectral resolution of the OSA. Considering the spectral resolution of a
typical OSA as 10 pm, the same resolution as used in the report of [26], the minimum
detection limit of all of the aforementioned strain sensors is limited to 0.2 µε.
Nevertheless, there are a few reports on the FOS with a detection limit of the
static sensor better than the few nε [27]–[29] by using combinations of two FPIs or
FBGs. However, FBGs and FPIs are highly sensitive to the surrounding temperature.
Therefore, the sensing system required an extra sensing unit wholly isolated from
environmental noises and sensing events. This additional requirement makes the system
more complicated, and they do not offer flexibility in the applications. For example, the
sensor reported in [27] used a combination of two FPI units for the complete sensing
information. The first FPI unit is used as the sensor unit, while the second FPI unit is
used for the reference signal. Therefore, it would be very challenging to address the
issues associated with these strict requirements in the applications of the sensor in harsh
environments. Furthermore, the interrogation technique used in the sensors is based on
12

the optical spectral analysis, and the resolution of these sensors depends upon the
resolution power of the optical spectral analyzer (OSA) regardless the excessive cost of
the instrument.
The FLRD technique can be an alternative to the traditional OSA-FBG and OSAFPI methods in achieving the high strain sensitivity with low-temperature crosssensitivity. The advantage of the FLRD system is high sensitivity measurement because
of the multi-pass interaction yet using a PD as a detector. The simplicity of using singlemode fiber, low cost of the laser diode used in the FLRD system, and immunity of the
sensing mechanism from the environmental noises, allow the FLRD system to be used in
real-world applications. Since the introduction of the FLRD system in 2001 by Stewart et
al. [11], followed by another report from Loock et al. in 2002 [4], several different FLRD
sensors have been developed along with FLRD strain sensors [30]–[34]. Tarsa et al. [30]
have used a tapered fiber as a sensor head, and a strain detection limit of 1 µε was
achieved. Gan et al. [31] have utilized an FBG connected to a fiber loop via optical
circulator to form a distributed strain measurement. The authors made a significant effort
to generate the highly-distributed sensor. However, use of optical FBG as sensor, and use
of circulator and erbium doped fiber amplifier (EDFB) in the fiber loop, has not
simplified the system. Chan et al. have used a long-period fiber grating [32] and photonic
crystal fiber [33] in the FLRD system to develop strain sensors. However, the maximum
strain detection limit for the FLRD strain sensor reported was not better than 0.23 µε
[26]. Therefore, a FLRD strain sensor with strain detection limit better than 0.2 µε has
not been reported in the literature.
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In this study, we propose a new, highly sensitive FLRD strain sensor that is less
sensitive to temperature by integrating an air-gap into the sensor head. Although there are
a few reports on utilizing a micro air-gap to achieve detection of nanoliter-sized liquid
samples using the FLRD technique [35], no one has reported on strain sensing utilizing
the concept of the micro air-gap combined with FLRD. Moreover, the novelty of this
approach is the variable size of the air-gap with the different measuring conditions. When
a laser pulse travels in a fiber loop with an air-gap, an additional optical loss occurs. If
losses from other parameters, e.g., angular misalignments, lateral offsets, numerical
aperture (NA) mismatches, reflection losses, etc. in the fiber gap are minimized and kept
constant, the air-gap associated optical loss is highly sensitive to a change in the gap
length, which may be related to strain variations at the sensor head. We combined this
sensing principle with a novel fabrication approach that integrates a micro air-gap into
the FLRD sensor head with adjustable sensitivity. Using this technique, we have achieved
the static strain detection limit of 65 nε, with actual measuring strain steps of ~ 1 µε and
the temperature cross-sensitivity as small as 38 nε/°C. Both the detection limit and the
temperature cross-sensitivity are better than the previously reported strain sensors with
low temperature cross-sensitivity [24], [26], [36]–[38], among which the best detection
limit was 0.23 µε (provided the resolution of the OSA was 10 pm), and the smallest cross
temperature sensitivity was 46 nε/°C [26]. Moreover, the detection limit reported in the
current work is free from the constraint of the resolution of the OSA and can be further
improved by simply using a longer sensor length. Therefore, in real applications, such as
structural health monitoring, which permits to use a long sensor, sensitivity up to a few nε
can be readily achieved by the FLRD air-gap strain sensor.
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2.2

Sensor head design
We have adopted the concept of changing the air gap size formed on the fiber

loop to work as the sensor head. The sensor head was designed in such a way that when
strain is applied to the sensing system, the applied strain increases the size of the air-gap,
and consequently, the sensor head suffers more optical loss.

Figure 2.1

Schematic design of the strain sensor.

Two carefully aligned single mode fiber tip to couple maximum amount of light from one
end to another formed the basic idea of the sensor head.
However, optical fibers made up of glass were very fragile, and correctly aligning
the eight micrometer-sized cores of the fiber tips is very difficult to achieve. To facilitate
this aligning process, and develop the more robust sensor head, a special sensor assembly
was designed. For this purpose, the closed fiber loop was broken somewhere in between
two fiber couplers present in the fiber loop, then about 1 cm of the plastic coating from
each of the fiber ends were stripped by using a fiber stripper.
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Figure 2.2

Representation of the sensor head fabrication process.

A step by step representation of coupling of two fiber tips with the help of two ceramic
ferrule and a fiber coupler.
To make smooth surface on the fiber ends, the fiber ends were cleaved with a
diamond blade of the fiber cleaver [Precision rated optics, FS-C20]. Then, the two fiber
ends were aligned carefully to couple the light from one end to another with maximum
efficiency. Two ceramic ferrules (Thorlabs, CFLC126) with inner diameter 126 µm (+3
µm) assist the coupling of the fiber ends. To achieve the best coupling, both fiber ends
were carefully inserted from the broader end of the two ceramic ferrules without
damaging the fiber tip as shown in Fig 2.2. Then the ceramic ferrules were coupled
together by using the matching ceramic sleeve for the ceramic ferrule used as shown in
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Fig 2.2. Once the tips of the ceramic ferrules, coupled by the matching sleeve, come into
contact, the fiber ends were slowly adjusted (generally pushing inward, being careful not
to damage the fiber tips) and this fine alignment process was monitored by observing and
evaluating the ringdown time. In the ringdown system, a more prolonged ringdown time
represents a better coupling. Therefore, by adjusting the two fiber ends, coupling
efficiency was maximized, and coupling efficiency that can be offered by the industrialgrade standard fiber joints (about 0.25 dB) was achieved.

Figure 2.3

A schematic figure of the packaged sensor head.

3D image of a fully packaged sensor head. The single mode fiber outside of the ceramic
ferrule was protected by a hypodermic steel tube.
2.3

Experimental setup
To test the concept of the FLRD strain sensor, the ceramic ferrules-sleeve

assembly (CFA), the hypodermic steel tubes with the fiber inside, and the fiber line
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outside the steel tubes were all bonded to a thin, stretched copper wire. It should be noted
that the copper wire was not part of the sensor, but the strain produced on the copper wire
was monitored by the sensor. Two ends of the copper wire were fixed in the two
translational stages for strain sensing tests, as shown in Fig. 2.4(b). The least count, and
the range of the fine scale of the translational stages, were 0.5 µm and 25 µm,
respectively, which allowed us to stretch the wire at steps of 1 µm, up to the maximum
stretch length of 25 µm. As the copper wire is extended, the air-gap between the two fiber
ends inside the two ceramic ferrules (the sensor head) changes. Therefore, a strain
produced on the copper wire changes (increases) the air-gap length in the sensor head,
which increases the air-gap associated optical loss in the fiber loop. As the optical loss in
the loop changes, the ringdown time changes. This represents a change in strain on the
copper wire. Since the diameter of the bare SMF was 125 µm, and the inner diameter of
the ceramic ferrules was 126 µm, the maximum lateral misalignment of the fiber ends
inside the ceramic ferrules can be only 0.5 µm that is 16 times smaller than the core of
the SMF (~8 µm). Therefore, the motion of the fiber ends has approximately one degree
of freedom that ensures that the change in the spacing between the two fiber ends (the
length of the air-gap) accounts for the change in the optical loss in the sensor head. The
data acquisition and collection were done by the in-house developed ringdown software.
Typically, 50-100 ringdown events (~5 - 10 s correspondingly) were averaged to obtain
one ringdown data point for a better signal-to-noise ratio.
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Figure 2.4

Experimental setup of strain sensor.

a) Schematic representation of the FLRD system with micro air-gap as sensor head b)
Schematic diagram of the setup for the test of strain sensor c) Enlarged picture of the
actual CFA attached to the copper wire.
2.4

Working principle
The working principle of the FLRD strain sensor is based on the simple argument,

increasing the strain on the copper wire by moving the translational stage outward, the
copper wire pulls the fiber ends out consequently increasing the size of the micro air-gap.
When the size of the air-gap increases, the optical loss offered by the sensor head, namely
quantity B in Eqn. 1.5, increases. Consequently, a short ringdown time will be observed.
However, characterization of the optical loss of the sensor head (coupling between two
fiber ends) is not straightforward. Several factors such as lateral misalignments, surface
of the fiber ends, interference due to the reflected lights, NA mismatch, core-diameter
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mismatch, angular misalignment should be considered carefully for the evaluation of the
optical loss during the test.
In the current experimental setup, the outer diameter of the fiber end, when the
plastic coating was removed, was 125 µm, while the ceramic ferrule used to couple the
fiber ends has an inner diameter of 126 µm. Therefore, the maximum possible lateral
mismatch between the fiber ends is 0.5 µm, which is 16 times smaller than the fiber
diameter itself. Hence, for the current purpose of investigating the change in the loss with
increasing air-gap size, the effect from any lateral mismatch that can be presented in the
fiber joints can be safely ignored. Since two fiber ends were taken from the same fiber
loop, there was no core-cladding diameter mismatch between two fiber ends. Again, the
use of the industrial-grade ceramic ferrule of length 6 mm, with the inner diameter just
able to fit the fiber inside, ensured that the angular misalignment was minimum or absent.
When the air-gap between the fiber ends is in the range of the wavelength of the light
used in the experiment, a significant loss can arise due to the interference of the reflected
light (Fresnel effect). However, in the present case, the fiber ends that were cleaved by
using the fiber cleaver were not perfectly perpendicular to the fiber axis. As estimated by
the fiber splicer, there is some angle (Typically less than 1°). This defect on the fiber
surface significantly reduces the Fresnel effect. Any extra loss that arises due to this unparallel fiber surface can be absorbed into the initial loss of the sensor. As this loss does
not change with the air-gap size, the functionality of the sensor was not affected.
Considering the beam profile from the fiber ends as Gaussian beam, with w1 and w2 as
the mode field diameter of the Gaussian beam, ∆l as the separation between the two fiber
ends, the coupling efficiency can be written as [39],
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where, z is the normalized separation of the fiber ends given as 𝑧=Δ𝑙/(𝑘𝑤1𝑤2), and k is
the wavenumber. Let ‘l’ be the length of the sensor head (the length between the two
points where the fiber was attached to the copper wire, ‘L’ be the length of the copper
wire between two translational stage, and ∆L be the length by which the translational
stage is moved, then the strain produced on the system 𝜀=∆𝐿/𝐿 can be related to the
change in air-gap size ∆l as,
𝑙=

∆𝐿
𝐿

𝑙 = 𝜀𝑙.

(3.2)

Using equation 1.5, 2.1, and 2.2, the relation between the ringdown time and the strain on
the system can be written as,
𝑛𝐿
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𝑐(𝐴+

(∆𝑙)2
)
2
2
(𝑘𝑤 ) +(∆𝑙)2

(3.3)

The equation 2.3 gives the relation between the change in ringdown time with the
change in the size of the air-gap. From the equation 2.3, the relation between the
ringdown time and the change in the air-gap size is not linear. The ringdown time
decreases rapidly with slight change in the air-gap size, however, for the larger air-gap
size, the ringdown decreases slowly.
2.5

Estimation of the loss
A total optical loss in the fiber loop system is essential to characterize the sensor.

In the current experimental setup, the splicing loss estimated by the splicer for the fiber
joint present in the fiber loop was 0.02 dB. The fiber transmission loss at the wavelength
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used (1.55 µm) was estimated to be 0.027 dB, and the optical loss on each of the coupler
was 0.03 dB as specified by the supplier. Therefore, the total optical loss of the closed
fiber loop without micro air-gap was 0.107 dB which is in good agreement with the
observed ringdown time of 18.72 µs.
When the micro air-gap is formed on the same fiber loop, the ringdown time
observed with maximum coupling efficiency achieved was 5.46 µs. The corresponding
optical loss due to the micro air-gap, in this case, was ~0.24 dB, which is in good
agreement with the estimated loss of the fiber joints using a specified ceramic ferrule.
Observed ringdown time for the closed fiber loop with and without micro air-gap
developed on the sensor head is as shown in Fig 2.5.

Figure 2.5

Ringdown time before and after the formation of air-gap.

Ringdown time from the experimental setup. The longer ringdown time is for closed fiber
loop with air-gap. The shorter one is ringdown with micro air-gap as the sensor head.
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2.6

Theoretical calculation
With the loss as estimated in section 2.5 above and using the theory as explained

in the 2.4, we have calculated the theoretical graph with the same experimental
conditions.

Figure 2.6

Calculated ringdown time with the change in air-gap size.

The relation of the ringdown time with the change in air-gap size is not linear. It
decreases rapidly at first and slowly for when the change in air-gap size is more
significant. The second figure shows the linear approximation for the slight change in airgap size.
In the current calculation of the data, the mode field diameter for both fiber ends
were taken as 5 µm (w1 = w2 = 5 µm), the wavelength of the light used was 1.55 µm.
The air-gap size for the maximum coupling we have achieved was considered as the fiber
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ends are Just in contact. With the calculated loss for every change in the air-gap size of
0.2 µm, the ringdown time was calculated as shown in Fig. 2.6. As seen in the figure, the
relation between the change in air-gap size and the ringdown time is not linear, it
decreases rapidly at first and for the large air-gap size, the ringdown time decreases
slowly with further increase in the air-gap size. However, in the range of our experiment,
in which the maximum change in the gap-size was limited to 5 µm, the behavior of the
ringdown time can be approximated as linear. Also, this is the region of the maximum
sensitivity of the sensor with a change in air-gap size. The slope of the theoretically
calculated graph in this region is found to be 0.65 µs/µm. Considering a typical FLRD
baseline stability of 0.01 µs, the minimum detection limit calculated from this
theoretically calculated ringdown curve is found to be 0.015 µm. This is the minimum
detectable change in the air-gap size. Therefore, for the FLRD strain sensor of length 1
m, the minimum detectable strain limit of the sensor is 0.015 µε i.e. 15 nε.
2.7

Experimental results
For the experimental demonstration of the sensor, two different FLRD strain

sensor units of different sensor length, namely sensor unit 1 with a sensor length of 35
cm, and sensor unit 2 with a sensor length of 80 cm, were fabricated and tested. In each
case, the separation, L, between two fixed points on the translational stages was 80 cm.
Figure 2.7 shows responses of the FLRD strain sensor unit 1 to the strains applied at a
step of 1.25 µε. The data was recorded at an elongation step of 1 µm on the copper wire
(1 µm outward movement of the translational stage), equivalent to the strain 1.25 µε on
the wire. The inset in Figure 2.7 shows the enlarged view of the section of the data plot.
Clearly, every 1.25 µε strain generated on the copper wire can be measured by reading
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the ringdown time. The total optical loss in the air-gap, B in equations 1.5, is complex in
nature. Consequently, the relation between the ringdown time and the air-gap distance is
complicated. However, in the FLRD technique, even a slight change in optical loss,
contributes a significant change in the ringdown time. Therefore, variations of the length
of the air-gap were controlled to be within a small range, a maximum of ~8 µm in the
experiment. In this range, the ringdown time response to the change in the air-gap length
was approximately linear.

Figure 2.7

The response of the FLRD strain sensor unit 1.

The response of the FLRD strain sensor, for sensor unit 1 (length 35 cm) to applied
strains at a straining step of 1.25 µε. An enlarged view of the section of the curve is
shown inset.
A linear fitting of the response of the sensor unit 1 is shown in Fig.2.8. With the
baseline noise of 0.015 µs (one standard deviation) for sensor unit 1, the calculated
detection limit is 0.22 µε, and the range of the measurement is 0-20 µε.
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Figure 2.8

Linear fitting of the sensor’s response for sensor unit 1.

Linear fitting of the sensor’s response for sensor unit 1. The error bars in the plot are one
standard deviation of the experimental data.

Figure 2.9

Response of the sensor unit 2.

Response of the FLRD strain sensor unit 2 (length 80 cm) to applied strains at a straining
step of 1.25 µε.
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The response of the FLRD strain sensor for sensor unit 2 (sensor length 80 cm).is
presented in Figure 2.9. For the same applied strain, the sensor unit 2 has a more
significant change in the ringdown time than the sensor unit 1. However, the measuring
range of the sensor unit 1 is larger than the range of the sensor unit 2. These observed
features agree with the expected behavior by the design of the two sensors based on
Equation 2.3. The baseline ringdown time of each sensor unit depends upon the total
transmission loss, the loss on the couplers in each of the fiber loop units, and the insertion
loss of the fiber air-gap. Therefore, the two sensor units in Figure 2.7 and Figure 2.9 have
similar baseline signals (ringdown times), but the baseline signal was not the same.
Nevertheless, this feature does not limit us from evaluating the sensitivity of each of the
sensor units.

Figure 2.10

Linear fitting of the response of the sensor unit 2.

Figure shows a linear fitting of the response of the sensor unit 2. The error bars in the plot
are one standard deviation of the experimental data.
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Figure 2.10 shows the linear fitting of the response of the sensor unit 2. The slope
of its response plot is 0.26 µs/µε. The ringdown baseline stability of the sensor unit 2 was
0.41%, and the baseline noise was 0.017 µs (one standard deviation). This data yields the
sensitivity of the FLRD strain sensor unit 2 of 0.26 µs/µε which gives a strain detection
limit of 65 nε. When the applied strain was larger than 7.5 µε, the response of the sensor
unit 2 was not quantitatively functional, because the ringdown decay waveform began to
deviate from a single exponential decay due to excessive optical loss. Therefore, with the
detection limit of 65 nε, we consider the dynamic range of the sensor to be 0-7.5 µε. The
lowest detection limit, 65 nε obtained here, with this simple configuration is better than
those of typical FBG- and FPI-strain sensors. For example, Liu et al. [26] had recently
reported an in-fiber FPI strain sensor with a detection sensitivity of 43 pm/µε. Given the
spectral resolution of 10 pm of the OSA used in [26], the strain detection limit was 0.23
µε which represented the highest strain sensitivity for a strain sensor with minimum
temperature sensitivity prior to this work.
The detection sensitivity of the FLRD strain sensor can be further increased by
simply increasing the sensor length, while the sensor’s measuring dynamic range will be
compromised. Unlike the FBG- or FPI-based strain sensors, the detection sensitivity of
the FLRD strain sensor is not limited by the resolution of an optical spectral analyzer.
Moreover, most of the FBG- and FPI-based strain sensors are more likely to be affected
by the temperature and moisture of the surrounding environment, which limits the use of
these sensors under harsh conditions. In case of the current FLRD air-gap strain sensor,
the effect of temperature on the sensitivity of the sensor could be due to a slight change in
the refractive index of the air inside the gap. To evaluate the effect of temperature,
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another FLRD strain sensor of 80 cm long was fabricated and attached to a glass rod that
has a small linear thermal expansion coefficient of 4×10-6/°C. Then the temperature effect
on the sensor was evaluated by slowly increasing the temperature of the sensor
surroundings from 23 °C to 50 °C. The response of the sensor is shown in Figure 2.11
(a).

Figure 2.11

Test for temperature effect and reproducibility.

a) The FLRD strain sensor’s response to the change in temperature in the range of 23 °C
– 50 °C. (b) The response of the FLRD strain sensor is reproducible. Each step
corresponds to a change of 5.0 µε increase or decrease in strain.
The average temperature coefficient from 2300 data points was 0.01 µs/°C, which
corresponds to a change of 1 µε when the temperature changes 27 °C or average
temperature sensitivity of 37 nε/°C. Since the linear expansion of coefficient of the glass
rod is not same as that of the optical fiber (0.6×10-6/°C) [28], there is some contribution
of thermal strain on the glass rod on the reported temperature effect. However, even if
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this temperature cross-sensitivity has some effect of the thermal strain, it is smaller than
the previously-reported value in the literature, 46 nε/°C [26], which has been the lowest
value reported in the literature to date. In addition to the evaluation of the temperature
effect, the entire sensor head (figure 2.3) was immersed in water to test the
waterproofness of the sensor, and no effect of the water was observed. Moreover, the
response of the FLRD air-gap strain sensor is reproducible when strains are applied in
both directions (increasing strain as well as decreasing strain), as shown in Figure
2.11(b). The reproducibility of the sensor was tested in two ways, the gradual increase
and then the gradual decrease of strain at a step of 5.0 µε and the repetition of the testing
cycle. This good reproducibility suggests that the FLRD strain sensor may also be used
for dynamic strain sensing. If the current ringdown event frequency changes from 10 Hz
to 1 kHz, which can be readily done, the dynamic strain sensitivity of (1.9 nε)/√(Hz ) can
be achieved.
2.8

Conclusion
In this study, we have demonstrated a practical, simple, yet highly sensitive

FLRD strain sensor, with the static strain detection limit of 65 nε, and a very lowtemperature cross-sensitivity, 37 nε/°C, which is better than the typical FBG- and FPIstrain sensors reported in the literature. Furthermore, the sensitivity of the sensor,
evaluated from the theoretical calculation of the optical loss with air-gap size, shows that
the detection limit of 19 nε can be achieved. Moreover, in an application where a longer
sensor length is permitted, the sensitivity of the sensor can be further increased merely by
increasing the length of the sensor. Therefore, with this sensor design, sensitivity on the
order of few nε is conceivable. Also, the proposed FLRD strain sensor is shown to be
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waterproof and insensitive to temperature. Thus, the sensor would be suitable for an
application even in the harsh environments.
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CHAPTER III
APPLICATION OF THE FIBER LOOP RINGDOWN STRAIN SENSOR TO
MONITOR PRESTRESS CONCRETE
Most of the contents of this chapter are adapted from the author’s published
proceeding and from an article which is currently under review. Respective copyright
statements allowing the author to reuse the materials in the dissertation are provided in
Appendix A.
[40] M. Ghimire and C. Wang, “Simultaneous in situ monitoring of axial stress in post
tensioned concrete and rod using fiber loop ringdown sensors,” in 2017 IEEE Photonics
Conference (IPC), 2017, pp. 697–698.
[41] M. Ghimire, C. Wang, K. Dixon, and M. Serrato, “In Situ Monitoring of Prestressed
Concrete Using Embedded Fiber Loop Ringdown Strain Sensor” In press, Measurements,
2018, Doi: 10.1016/j.measurement.2018.04.017
3.1

Introduction
Concrete is one of the primary building materials in civil structures, such as

buildings, bridges, tunnels, dams, and some critical facilities [42]. In order to improve the
ultimate strength, durability, and reliability of the modern concrete structures, the
prestressing technique is widely practiced [43]. Prestressing is the technique of
reinforcing concrete, in which high strength tendons (steel strands or rods) are positioned
inside a concrete structure and tensioned to a specification before the service load is
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applied to the concrete. However, over the time, several changes occur in the concrete.
For example, prestress loss over the time, damage due to overloading conditions,
deterioration induced by environmental degradation, or damage due to natural disasters,
such as an earthquake, massive storms, etc. all act to change the properties of the
concrete. Failure to mitigate these damages may result in adverse effects on the health of
the concrete structures. Therefore, near real-time, in situ, continuous monitoring of
structural health is crucial to mitigate any catastrophic disasters that can result from the
damages. Hence, it is highly desirable to have smart sensors deployed along with
prestressed concrete and tendons.
To detect a change in properties of the concrete in concrete structures, various
sensors have been developed based on different sensing techniques, such as impact-echo
[44], ultrasonic method [45], infrared thermo-graph [46], acoustic emission [47], [48],
speckle interferometry [49], piezoelectric sensors [50]–[55], and fiber optic sensors
(FOS) [56]–[73]. However, each of these techniques have its advantages and
disadvantages in various applications. For instance, most conventional nondestructive
methods mentioned in [44]–[49] have severe limitations for in situ applications [50].
Comparatively, sensors developed from piezoelectric or ferromagnetic materials [50]–
[55] are easy to install, and are cost-effective; however, these sensors might be affected
by electric and electromagnetic noises. Due to unique features, such as immunity to
electromagnetic interference, flexibility in sensor deployment, capability of fullydistributed sensing, potential for sensor multiplexing, etc., FOS has become very
attractive to structural health monitoring (SHM) of the concrete structures, including
monitoring of the prestressed concrete [56]–[59], [61], [67], [68]. However, most of the
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FOS developed to monitor the concrete structures are based on the fiber Bragg gratings
(FBG) [56]–[62] technique and the optical time-domain reflectometry (OTDR) technique
based on Brillouin or Rayleigh scattering [64], [65], [67]–[72].
For example, Maaskant et al. [56] used FBG sensors in prestressed concrete
beams in the Beddington highway bridge in Canada to monitor the time-dependent stress
of prestressed rebars. Subsequently, there are several reports on the use of FBG sensors to
monitor prestressed concrete during construction process [57] and hardening process
[58], to monitor early-age behavior [59] and corrosion detection in reinforced steel [60],
and to monitor strain before or during cracking [58], [61], [62]. However, an FBG is
highly sensitive to temperature variations, and an additional sensor arrangement for a
reference temperature is required. Moreover, for higher sensitivity, FBG sensors required
a high resolution optical spectral analyzer (OSA). These requirements might add
additional costs to a sensing system and to the deployment of the FBG sensor. In addition
to the FBG-based FOS, OTDR and Brillouin-scattering-based FOS have also been widely
used in SHM of concrete [64], [65], [67]–[70]. However, a Brillouin-scattering based
sensor has the drawback of low sensitivity, while an OTDR based sensor measures
relative strain only. Both Rayleigh-scattering based and Brillouin-scattering based
sensors are more suitable for dynamic strain measurement [22]. Therefore, a highly
sensitive static strain sensor for integrated strain/stress measurement is still desired in the
field of SHM.
There are only a few reports on the use of the intensity-based FOS to monitor
concrete structures. For examples, Zhao et al. [74] reported the use of plastic fiber for
crack monitoring. Similarly, Andre et al. [75] reported the use of plastic fiber to monitor
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curing process of the concrete. Recently, Woschitz et al. [76] used intensity-based FOS to
monitor segment joints and movements inside a hydropower dam, and the authors
reported the detection limit of 1 µε. The low sensitivity of the sensor remains a main
limitation of the intensity-based measurement. However, this drawback can be overcome
by using the multipass fiber loop ringdown (FLRD) technique. FLRD is a time-domain
sensing technique in which the intensity of a laser pulse is trapped inside a closed fiber
loop, which decays exponentially over time. The exponential decay time of the laser
pulse, known as ‘ringdown time,’ is the sensing signal for the FLRD system. The
ringdown time is a function of optical loss inside the fiber loop, and a change in the
ringdown signal can be related to the measurement event resulting in an extra optical loss
in the fiber loop. Although some sensors based on the FLRD technique have been
reported [30], [31], [33] for strain sensing, there is no report on the use of FLRD strain
sensors in monitoring the stress on the concrete. Nevertheless, there are few reports on
the development of FLRD sensors for the crack detection [77] and for monitoring the
moisture penetrated the concrete [78]. However, the sensor in Ref. [77] was only able to
detect the crack that has a surface crack opening of 0.5 mm or larger, and the sensor had a
theoretical detection limit of 31 µm in terms of the surface crack width. The sensor
reported in Ref. [77] was not purposed for monitoring stress status (i.e., from crack
initiation to the crack development). Recently, we have developed a very sensitive FLRD
strain sensor by integrating a micro air-gap as the sensor head. The micro air-gap strain
sensor is highly sensitive for the strain measurement, with which we have achieved a
measured strain step of 1.25 µε and the theoretical detection limit of 65 nε [19], [20].
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In this work, we report an implementation of the FLRD micro air-gap strain
sensor to monitor post-tensioned prestressed concrete beams. In this experiment, two
FLRD strain sensors were embedded in each concrete beam. One sensor was attached to
a PT rod to monitor stress on the PT rod. The other sensor was embedded into the
concrete to monitor stress on the concrete.
3.2

Sensor head and working principle

Figure 3.1

Sensor attached to the PT rod.

a) a 3d sketch showing sensor assembly, b) a schematic of a sensor attached to a PT rod
c) An enlarged picture of the ceramic ferrule-sleeve.
A micro air-gap strain sensor was fabricated as explained in section 2.2. However,
some modifications were made to account for the problem of the sensor in the
application. Once the fiber ends were coupled by using the ceramic ferrule-sleeve
assembly (CFA), the CFA along with the fiber line, was attached to the post-tension rod
(PT-rod) as shown in Fig. 3.1. The optical fiber was also attached to the PT rod at points
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immediately outside of the CFA. The distance between two points where the fiber was
fixed to the PT rod was 3 cm, which is the length of the sensor attached to the PT rod.
The remaining fiber lines were protected by using small-diameter steel tubes (290-310
µm in diameter). However, for the sensor to be embedded inside the concrete, the CFA,
with perfectly matching fiber ends inside, was attached to a 7-foot-long steel rod of 1/8inch (3.17 mm diameter, 2.13 m in length) diameter with a degradable glue. In this case,
the purpose of the steel rod is to support and aid in the installation of the sensor.
Furthermore, the use of the degradable glue would make the sensor independent of the
steel rod in the application. For the sensor embedded into the concrete, about 1m length
of the optical fiber on each side of the CFA was protected by the hypodermic steel tube,
and the fibers just outside of the hypodermic steel tubes were attached to the steel
supporting rod using degradable glue. Therefore, the length of the sensor designed to be
embedded into the concrete was slightly more than 2 m. In order to make a waterproof
sensor assembly, the small space between the fiber and the inner wall of the hypodermic
steel tube was filled with Vaseline, which allows the fiber for slightly moving in or out
during the testing, but prevents the water to reach into the air-gap between the fiber ends.
The fundamental working principle of the sensor used in this experiment is
already explained in section 2.3 above and in the literature [19], [20], [41]. During the
pre-stressing of the concrete beams, the post-tension (PT) rod is anchored at one end of
the concrete and pulled out from the other end by using a hydraulic pump. During this
process, as the PT rod gets stretched, the fiber ends of the sensor attached to the PT rod
get pulled apart. Thus, during the stressing of the PT rod, the sensor attached to the PT
rod will suffer from the extra optical loss, which results in a shorter ringdown time.
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However, at the same time, the concrete beam will experience an axial inward pressure
from both anchor plates present on each end of the concrete beam. This inward pressure
tends to push the fiber ends of the sensor embedded into the concrete further closer,
which results in an increase in ringdown time. Therefore, during the prestressing of the
concrete beam, it is expected that ringdown time for the sensor on the PT rod decreases,
while ringdown time for the sensor directly in the concrete increases. This process is
illustrated in Fig 3.2 (a).

Figure 3.2

Representation of sensor position and sensing scheme.

The figure shows a schematic representation of the position of the sensor in the concrete
beams and a pictorial representation of the working scheme of the sensors during a prestressing and a 3-point loading test.
However, during a three-point loading test, part of the concrete beam below the
middle plane experiences tensile stress, while the part of the concrete beam above the
middle plane experience compressive stress, as represented in Fig. 3.2(b). Therefore, a
sensor embedded in the concrete at the axis below the middle plane will experience a
tensile strain. Consequently, fiber ends on the sensor head are pulled out. As a result,
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during the three-point loading test, the sensor embedded in the concrete will respond with
a decrease in ringdown time.
3.3

Materials and construction
To test the FLRD strain sensors in the concrete structure and the PT rod, two

concrete beams with dimensions of 3 m × 10 cm ×10 cm were constructed using the high
strength concrete mix. Fig. 3.3(a) shows a picture of the two construction frames that
were used to facilitate the concrete casting to form the concrete beams. To strengthen the
concrete beams, four traditional steel reinforcement rods of 9.525 mm (3/8 inch) in
diameter and 3 m in length were installed symmetrically inside each frame, as shown in
Fig 3.3(b).

Figure 3.3

Construction of the concrete beams.

Construction of concrete beams a) Wooden frame with PT rod in the center axis b) Close
view of the wooden frame with a PT rod and four common steel rebars c) Wooden frame
partially filled up with concrete mix at the time of embodiment of the sensor d) Concrete
beams just after the casting of the concrete.
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A high-strength all-threaded stainless-steel rod (Gr 18-8 stainless steel) of
strength 690-1000 MPa (100,000 – 150,000 psi) was used as the PT rod and placed along
the longest geometrical axis of the beam. The diameter of the PT rod was 7.94 mm (5/16
inch), and the length of the rod was 3.66 m (12 ft). The quoted yield strength of the rod
was 448 MPa (65,000 psi). In the experiment, the maximum stress applied to the rod was
351 MPa (50,800 psi), which was below the safe working limit (80% of the quoted yield
strength).

Figure 3.4

Longitudinal cross-sectional view of the concrete beam.

A longitudinal cross-sectional view of the concrete beam showing the position of the
sensors inside the concrete beam. Four traditional steel rebars are not shown in the figure.
Two FLRD strain sensors were embedded in each concrete beam: one was
attached to the PT rod, and the other was embedded in the concrete. A polypropylene
tube of inner diameter 3/8” was used to protect the PT rod with an FLRD strain sensor
attached (Fig. 14(b)). In this configuration, the PT rod was not directly in contact with
concrete, while the polypropylene tube was fully embedded in the concrete. During the
construction of the concrete beams, the location of the second sensor was a few
centimeters above the central axis, and along the longitudinal orientation of the beam, as
shown in Fig. 3.3(c). However, during the three-point loading test, concrete beams were
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flipped upside down so that the sensor embedded in the concrete remained a few
centimeters below the central axis of the concrete, as shown in Fig. 3.2. Two completed
concrete beams right after the casting of concrete are shown in Fig 3.3. The deployment
configuration of the two sensors inside the concrete beam is illustrated in Fig. 3.4. The
distance between the two yellow markers in the figure is the sensor length for each
sensor. Once the concrete is poured on the wooden frame, with all the sensors inside the
concrete beam, the concrete beams were cured for 28 days at room temperature inside the
laboratory facility. To maintain the sufficient moisture required to cure the concrete,
water was sprayed on each concrete beam twice a day, and the concrete beams were kept
covered by polythene sheets at all times.

Figure 3.5

Specially designed anchor plate and washer.

Specially designed anchor plates and cylindrical washer were used in the concrete beams
to accommodate the fiber lines running in and out of the concrete ends.
3.4

Testing scheme
Once the concrete beam was cured at room temperature for 28 days, the concrete

beam was moved to the test bed for the stressing process on the concrete and a three41

point loading test. At the test bed, the fiber lines coming out from the sensor attached to
the PT rod were first spliced into the main fiber loop unit. To protect the fiber line
coming out of the concrete ends, a unique design of the anchor plate and the cylindrical
washer were developed, as shown in Fig. 3.5. Once, a sufficient gain level was set on the
PD detector, and sufficient numbers of baseline data were collected before any stress was
applied to the concrete beam. A schematic of the tensioning process is shown in Fig. 3.6
3.4.1

Post-tensioning of the concrete
A hydraulic system for tensioning the PT rod consists of a hollow hydraulic

cylinder (Enerpac RCH 121H, effective area 2.76 sq. inch) powered by a hydraulic hand
pump. The hollow hydraulic cylinder was supported on a ‘Π-shaped’ steel base, which
was rested on the anchor plate at the end of the concrete beam. When a pressure is
applied to the hydraulic cylinder, the cylinder applies a force, F, to pull (stretch) the rod
out. Subsequently, the force, F, is transferred to the concrete from the anchor plates on
both ends of the concrete beam, as shown in Fig. 3.6.

Figure 3.6

Schematic representation of the pre-stressing of concrete.

A schematic representation of the pre-stressing of the concrete by using a hollow
hydraulic cylinder and a hydraulic hand pump.
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The force, F, on the rod can be calculated by using the effective area of the
hydraulic cylinder and pressure gauge readings. During the test, a tensile stress of up to
351 MPa (1800 psi on the gauge, see Table 1 for conversion factors) was produced on the
rod in the steps of 39 MPa (200 psi gauge reading). During the tensioning of the concrete
beam, the FLRD strain sensor attached to the PT rod was connected to the system and the
corresponding ringdown time was monitored in real-time.
Table 3.1

Conversion table

Pressure on the gauge Pressure on the rod Load on the rod by
hollow cylinder
psi

MPa

psi

MPa

kN

Load on the
concrete beam by
solid cylinder
kN

100

0.69

2826.2

19.5

1.2

1.0

Conversion table for the pressure reading on the pressure gauge to the pressure and load
delivered to the system.
psi = pound per square inch, MPa = MegaPascal, kN = kilo Newton.
In the experiment, each of the stressing steps was held for 5-10 minutes to allow
enough data points to be obtained, and to allow the stressed PT rod to equilibrate. Once
the stressing limit was reached, the PT rod was screwed tightly to the anchor plate to
retain the pressure. Consequently, the concrete beam was considered prestressed
concrete, and it was ready for the subsequent three-points loading test.
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Figure 3.7

Actual picture of prestressing setup.

Actual picture showing hydraulic jack, steel base and concrete ends during the process of
pre-stressing of the concrete.
3.4.2

Loading test

Figure 3.8

Setup for the three-point loading test.

Picture of the test bed, concrete beam, and hydraulic C-press during three-point loading
test.
For the loading test of the prestressed concrete beam, a test bed was constructed
using two strong steel channels (C6×13 - 10 ft. each), with a hydraulic C-press of 10-ton
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capacity bolted to the steel channels. The concrete beam was supported on both ends by
two sets of concrete blocks, as shown in Fig. 3.8. The second FLRD strain sensor that
was embedded inside the concrete, along the longitudinal orientation of the concrete
beam, was connected to the system. Once a stable ringdown baseline signal was
established, an external load was applied in the middle of the concrete beam by using the
hydraulic C-press. The loading steps were fixed at 100 psi (1 kN) with each loading step
held for 5-10 minutes for data collection and to allow the concrete beam to equilibrate
under loading conditions. During the loading, an imaging system was turned on to
continuously monitor the surface of the concrete beam at a selected location where
cracking is more likely to happen. Further loading was stopped once a hairline crack was
observed. For instance, a typical hairline crack with an estimated crack width of <1 mm
is shown in the inset in Fig. 3.8.
3.5
3.5.1

Results
Water resistance
A packaged sensor head that was attached to a metal rod, which was used as a

support for the sensor head, is shown in Fig. 3.9. The sensor head along with the
supporting rod was placed in a long water tank, and water was filled to the brim to
submerge the FLRD strain sensor completely (Fig. 3.9). The ringdown signal was
continuously monitored before the sensor was submerged in water and until two hours
after the sensor was submerged in water. A constant ringdown signal showed that there
was no effect of the water on the sensor; thus, the sensor was waterproof. For the sensor
to survive the construction and curing of the concrete structure, the sensor must be
waterproof. Therefore, exceptional care was taken to make the sensor waterproof. To
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achieve this goal, the sensor head was sleeved into a steel tube and sealed with the
waterproof epoxy without affecting the functionality of the sensor.

Figure 3.9

Test for the water resistivity of the sensor.

Sensor was encapsulated in a short steel tube to make it waterproof and tested for water
effect by immersing the sensor in water for several hours.
3.5.2

Temperature effect
For the investigation of the temperature effect on the strain sensor, the sensor was

attached to a long glass rod with a thermal coefficient of 4×10-6/°C. The temperature
around the sensor head was slowly increased from room temperature, 22 °C, to 85 °C,
and then naturally cooled down from 85 °C to room temperature. The ringdown time was
continuously monitored during the testing. The response of the sensor to the change in
the temperature is shown in Fig. 3.10 (a). With one standard deviation of the ringdown
time, 0.15 µs, over the entire range of tested temperature, the average temperature
sensitivity of the sensor was determined to be 9.1 nε/°C. In this case, with a smaller range
of temperature variations of 12 °C – 25 °C, in which the sensor was embedded in the
concrete structure, the average temperature sensitivity of the sensor was calculated to be
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15 nε/°C. The results from both temperature tests indicate that the FLRD strain sensor
has an extremely low-temperature cross-sensitivity.

Figure 3.10

Response of the sensors with temperature.

Evaluation of the temperature effect on the sensor a) temperature effect on the sensor not
installed in the concrete b) temperature effect of the sensor embedded in concrete
structure.
3.5.3

Stress on the post tension rod
Figure 3.11 shows results of two FLRD strain sensors attached to the PT rod that

was tested in two individual concrete beams. When axial tensile stress was applied to the
PT rod in the longitudinal orientation, the size of the micro air-gap in the sensor head
increased; correspondingly more optical loss occurred and a shorter ringdown time was
observed.
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Figure 3.11

Response of the sensors attached to the PT rod.

Figure shows the response of the FLRD strain sensors attached to the PT rod during
stressing the concrete beams a) response of the sensor attached to the PT rod in concrete
Beam1 b) response of the sensor attached to the PT rod in concrete Beam 2 c) average
ringdown time plot of response for sensor in Beam 1. d) average ringdown plot of
response of the sensor in Beam 2.

48

The overall trends shown in Fig. 3.11(a) and (b) are as expected from the sensing
principle: with an increase in tensile stress, the ringdown time decreases due to the
increased optical losses in the FLRD sensor head. The behavior of the change in
ringdown time is as expected from the sensing principle explained in section 3.2. In the
test, different sensor units had different sensitivities due to the individual fabrication
process. Hence with the same applied stress to the PT rod, the change in ringdown time
for different sensor units might be different. Therefore, no identical stress loading steps
were purposely used in the tests of the two sensor units. Furthermore, the response of the
first sensor to the applied stress on the PT rod as shown in Fig. 3.11(a), shows some
oscillating features in the first few steps while the response of the second sensor is more
stable as shown in Fig. 3.11(b). The observed oscillating behavior of the ringdown time
in Fig. 3.11(a) is with respect to experimental time, and the behavior should not be
confused with Fabry-Perot modulation. For a Fabry-Perot modulation, either wavelength
or distance should be changing, which remains constant in each step of the applied stress.
It is likely due to the individual sensor head’s response to the initial loading (e.g.,
initiation of motions of two fiber ends inside the ferrules) and might have ceased over
time if each step were held for a long time. These different behaviors of the sensors need
further investigation. Additionally, the sensing range of the individual sensor is different,
as shown in Figs. 3.11(c-d). This is due to the different optical loss in the individual fiber
loop during the fabrication and deployment of the sensor. In the two tests, both PT rods
were stressed up to 351 MPa, and the sensors stopped responding to further applied stress
up to 351 MPa.
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3.5.4

Loading test on the prestressed concrete beam

Figure 3.12

Response of the sensors embedded into the concrete beams.

Figure shows the response of the sensors embedded into the concrete during 3-point
loading test. a) response of the sensor in concrete beam 1. b) response of the sensor in
concrete beam 2. c) Linear fitting of the response of the sensor in concrete beam 2.
After the completion of the stressing of the PT rod in each of the two tests, the
concrete beams were prestressed concrete. Subsequently, a three-point loading test was
conducted for each of the post-tensioned concrete beams, and results of the loading tests
are presented in Figs. 3.12 (a, b). Both plots from the loading tests (Figs. 3.12 (a) and (b))
show a qualitatively similar response, and the results are as expected from the sensing
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principle. However, due to the difference in the optical loss in each individual sensor,
there is some difference in initial ringdown time of these two sensors. As can be seen in
Fig 3.12(a), the initial optical loss of the sensor in the first concrete beam was higher, and
the response reached its threshold limit after a few loading steps. Whereas the sensor in
the second concrete beam, could monitor the concrete up to the applied load just before
cracking of the concrete (Fig 3.12(b)). In each of the concrete beams, a small hairline
crack was observed exactly after applying the load of 8 kN. The sensitivity of the sensor
to the applied load in the three-point loading test of the second concrete beam was
calculated by considering the linear region of the sensor’s response, as shown in Fig. 3.12
(c). Using the average baseline stability of the ringdown time, 0.02 µs, and the slope of
2.03 µs/kN from the graph in Fig. 3.12(c), we calculated the detection limit of the sensor
to be 0.01 kN. These results suggest that the embedded FLRD strain sensors can detect
the structural deformation significantly before a hairline crack appears on the concrete
surface.
3.5.5

Monitoring of stress on the concrete during pre-stressing
During the pre-stressing of the concrete, except the sensor attached to the PT rod,

the sensor embedded in the concrete was also monitored using a separate FLRD system.
Figure 3.13(a) shows the response of the sensor attached to the PT rod when the PT rod
was subjected to a tensile stress. The ringdown time for the sensor (attached to PT rod)
was decreased when the stress was applied to the PT rod which is a clear indication that
any strain produced on the rod had changed (increased) the size of the micro air-gap of
the sensor. Figure 3.13(b) shows the response of the sensor embedded into the concrete
beam. When the PT rod was subjected to the tensile stress, the concrete beam
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experienced compressive stress (inward push from both anchor plates). Therefore, when
the rod was stretched, the size of the air-gap for the sensor embedded into the concrete
decreased. With the increasing steps of the stress applied on the PT rod, the ringdown
time of the sensor attached to the PT has decreased, and at the same time, the ringdown
time of the sensor embedded into the concrete increased, as shown in Fig. 3.13.

Figure 3.13

Response of both sensor at the same time during pre-stressing.

The response of both sensor at the same time for the sensors embedded in concrete beam
2. The sensors were monitored using two different FLRD systems.
As seen in the ringdown time response curve for the sensor embedded into the
concrete, the ringdown time increases with the increasing steps of compressive stress on
it. However, after few steps, the ringdown time decreases instead of increasing. This is
likely due to the fiber ends in the sensor head moving closer together, and after few steps,
they come into physical contact. Therefore, further compression on the concrete beam
52

generated a misalignment of the fiber ends, as a result, the ringdown time decreased. In
conclusion, during the stressing of the concrete, the FLRD strain sensors successfully
monitored the strain produced on the PT rod, and at the same time, another FLRD strain
sensor unit could monitor the concrete beam. This result demonstrates that the FLRD
strain sensors can be used to monitor the concrete structure, and the PT rods, used in the
concrete structures.
3.5.6

Use of FLRD strain sensor to monitor joints on the concrete structure

Figure 3.14

Construction and setup of FLRD strain sensors on concrete joints.

Use of FLRD strain sensor to monitor the joints of the concrete structures a) Wooden
frame with the half-filled concrete mix, b) Fiber sensors placed at the corner just before
covered by concrete, c) Π-shaped concrete beams just before the test.
Except monitoring the prestressed concrete and PT rod by using FLRD sensors,
the FLRD strain sensors were also used to monitor the joints in a Π-shaped concrete
structure. To monitor the stress presented on the joint, Π-shaped concrete structure of 10
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cm × 10 cm cross-section, with the length of each of the two arms 50 cm, and the length
of the primary structure as 100 cm, was constructed, as shown in Fig 3.14. A strain sensor
was installed in each corner of the Π-shaped concrete beam. As in regular beam, four
common steel rebars were used to strengthen the concrete beam. However, in this case,
the concrete beam was not prestressed. Once the concrete beam was cured for 28 days, it
was taken out of the wooden frame. With a modified arrangement of the hydraulic
cylinder and extension rod, both arms of the Π-shaped beam were pushed outwards, as
shown in Fig. 3.14 (c). The steps of the outward load on the hydraulic system were kept
at 1kN (100 psi gauge readings) and ringdown time was continuously measured.

Figure 3.15

The response of the sensor in a test of joints.

The response of the FLRD strain sensor embedded into the corner of the Π-shaped beam.
During the experiment, with the preset gain level of the PD detector, response of
the sensor up to 4 kN applied load was recorded. At the applied load higher than 4 kN,
the optical loss on the sensor was at a level below the detection threshold of the system.
Nevertheless, the response of the sensor was as expected from the sensor and test design.
54

As the arms of the concrete beam were pushed apart, the fiber ends got pulled out from
the air-gap, consequently offering a higher coupling loss on the sensor head and resulting
in shorter ringdown time. Even the sensor response was below the detection threshold of
the detector at the applied pressure above the 4 kN. We continued to apply the load on the
arms until the small hairline crack appeared on the concrete structure. In the test, the
hairline crack appeared at 6 kN of the applied load. This observation demonstrates that
the FLRD sensor was sensitive enough to get stress data on the concrete joints at the
point significantly before any microcracking appeared on the surface of the concrete.
3.6

Conclusion
In this work, we report the potential application of the new fiber loop ringdown

micro air-gap strain sensors to monitor prestressed concrete structure. We conducted the
stressing tests on a PT-rod and the three-point loading tests in the prestressed concrete
beams. The novel design of the sensor head leads to the features of high sensitivity with
low cross temperature sensitivity, water resistance, and ruggedness. These features make
the sensor suitable for deployment in harsh environments. More importantly, the design
of the sensor head offers an adjustable strain sensitivity and a flexible dynamic range via
changing the sensor length. The demonstrated strain detection limit of the strain sensor,
65 nε, is the best detection limit to date for a fiber optic strain sensor without using
commercial fiber optic sensing elements, such as FBGs or FPIs, in the sensor head.
Moreover, the FLRD strain sensor has a low-temperature cross-sensitivity, 9.1 nε/°C, in
the tested temperature range of 22 - 85 °C. In addition to these features, the new FLRD
strain sensors can be used to monitor both concrete and the PT rods. The observed
behavior of the sensor response agrees with the behavior expected from the outlined
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sensing principle. The strain sensor embedded in the concrete demonstrated a detection
limit of 0.01 kN load applied on the concrete beam. This low detection limit allows us to
monitor the concrete deformation far before a hairline crack appears on the surface of the
concrete. The results support the idea that the FLRD strain sensors are suitable for
potential near real-time in-situ monitoring of the structural health of PT rods and
prestressed concrete in harsh environments. As compared to its peer fiber optic strain
sensors, the FLRD strain sensor is advantageous due to its high strain sensitivity, low
sensitivity to the environmental temperature, water resistivity, ruggedness, and simplicity
of the sensor design.
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CHAPTER IV
SURFACE PLASMON ENHANCED FIBER LOOP RINGDOWN SENSOR
Most of the contents of this chapter were adapted from the author’s published
article, and from an article which is currently under review. Respective copyright
statements allowing the author to reuse the materials in the dissertation is provided in
Appendix A.
[79] M. Ghimire, H. Guo, J. Guo, and C. Wang, “Surface Plasmon-Based Fiber Loop
Ringdown Sensor,” Sens. Lett., vol. 15, no. 7, pp. 565–569, Jul. 2017.
[80] M. Ghimire, C. Wang, K. Dixon, and M. Serrato, “An Alternative Method to
Develop Surface Plasmon- based Fiber Optic Sensor,” Under Rev., Applied Optics 2018.
4.1

Introduction
Surface plasmon refers to the coherent oscillation of electrons in the boundary of

a thin layer of metal and dielectric when they are excited by light. Since the observation
of surface plasmon resonance in 1902 [81], followed by a theoretical explanation of Otto
[82] and Kretschmann & Reather [83], surface plasmon resonance techniques have been
proven to be very useful in the field of sensors and sensing. As the advancement of
traditional prism-based SPR system, fiber optics waveguide-based SPR systems have
been developed in the decade of the 1990s [84]–[87]. Because of the possibility of
development of a miniature-sized sensor [88], robustness in the use of the sensor, and
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possibility in the use of remote sensing [89], fiber optics waveguide-based SPR sensors
are getting more attention in the field of optical sensors.
For the development of an SPR sensor using a fiber optic waveguide, the outer
jacket of a small portion of the fiber is removed. The fiber core is exposed by removing
the cladding layer, and the metallic film is coated on the exposed fiber core. To increase
the sensitivity of the fiber optic SPR sensor; to simplify the sensor fabrication process,
and to improve the sensing technique, different schemes were adopted in the production
and interrogation of the sensor. For example, some techniques which are used to expose
the fiber core are chemical etching [90], [91], side polishing [92], [93], tapering of the
fiber [89], [94], [95] etc. Except this technique, different techniques have been applied on
the deposition of metal film on the fiber surface. Some of the favored techniques are
chemical deposition of metal nanoparticles on the fiber surface [91], [92], [96]–[100],
and plasma/vacuum assisted sputtering coating of metal film on the fiber surface [101]–
[105]. Chemical deposition of the metal nanoparticles on the dielectric surface, when
metal particles are in the range of wavelength of the light, formed localized surface
plasmon (LSP). In LSPs, the electromagnetic field produced by metal nanoparticles is
highly localized and is very sensitive to the change in the local refractive index. This
behavior of the LSP is beneficial to characterize and study chemical and biological
sensing activity [106].
Despite these variations in the way of accessing the fiber core and in coating the
metallic layer, there has not been much effort made to improve the interrogation
technique for the surface plasmon-based fiber optic sensor. Since the angle interrogation
is difficult to realize in fiber optic SPR sensor, spectral (wavelength) interrogation
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method is more common. In spectral integration technique, a shift in the absorption peak
of the wavelength is the function of the refractive index of the sensing media. When the
refractive index of the sensing media is changed, the absorption peak shifts to a
wavelength. Thus, the sensitivity of the sensor is thus given as spectral change per unit
change in refractive index. This is a very sensitive technique, and the detection limit on
the order of 10-7 refractive index unit (RIU) has been reported [107]. However, in the
spectral interrogation scheme, the sensitivity of the sensor is ultimately limited by the
sensitivity of the OSA regardless of the excessive cost of an OSA system in practice.
A time-domain sensing scheme, for example, the FLRD technique, can be an
excellent alternative to the spectral base interrogation system. Since the first introduction
of FLRD system by Stewart et al. in 2001 [11], and Loock et al. the following year [4],
several FLRD sensors have been developed for physical [6], [17], chemical [18], [108],
and biological applications [9], [109]. Advantages of the FLRD system include the
simplicity of using single mode fibers (SMF), its low cost of using a PD as a detector,
and multi-pass enhancement of the absorption. Very few studies practices have been done
to produce surface plasmon resonance sensor based on the multi-pass absorption.
Likewise, very few studies have been done to produce surface plasmon resonance sensor
based on the multi-pass absorption [110], [111]. In the report by Pipino et al. [110], a
flow cell with two ultra-smooth, fused-silica optical flats at Brewster’s angles with gold
nanoparticles deposited on one of the flats was used. Whereas in the report of Giorgini et
al. [111], an SPR sensor based on cavity ringdown technique (CRDS), a prism-based SPR
sensing unit was used within the mirror-based optical cavity. This work brings a new
concept of multi-pass SPR sensors, and sensitivity in the order of 10-6 RIU has been
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achieved. This study was innovative; however, use of the mirror-based cavity, with extra
optical components inside the cavity, does not simplify the system. With the use of FLRD
system instead of CRDS, the concept of a multi-pass system integrating with the surface
plasmon technique can be achieved with a significantly simplified system. Here, in this
study, we present concept of multi-pass absorption in optical fiber sensor using fiber loop
ringdown (FLRD) technique.
We successfully tested a localized surface plasmon (LSP) based FLRD sensor in
a wide range refractive index region. Unlike in conventional SPR sensors, in which either
angle interrogation method or frequency interrogation method are used to record sensing
activity, we propose a time-domain sensing technique based on ringdown time
measurement. Furthermore, for the entire traditional SPR sensor, the polarization state of
the light should be carefully controlled, because SPR absorption can be realized in Ppolarized light or radially polarized light only. Here, we have achieved a competitive
detection limit without controlling the polarization of light (taking average polarization).
In the first part of this study, we will verify the SPR effect on fiber surface by
developing a fiber sensor with half of the surface coated with the gold nanolayer while
half of the fiber surface remain uncoated. The gold coated surface offers a plasmon
enhanced absorption mechanism while the uncoated fiber surface offers the mechanism
of evanescent field interaction [7], [112]. Thus, in this proof-of-concept, we will evaluate
the aggregate effect while both effects were present on the same sensor head.
In the second part of this study, we developed a localized surface plasmon fiber
sensor with all the fiber surface coated with a gold nanoparticle of 10 nm size. In this
case, the fiber surface offers the localized surface plasmon enhanced interaction with the
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sample. With the present coating process and current experimental setup, we achieved the
detection limit on the order of 10-5 RIU without controlling the polarization state of the
light. Although this detection limit was achieved by an uncoated, evanescent-field fiber
loop ringdown sensor (EF-FLRD) sensor, the affinity of the metal nanoparticle towards
the biomolecules [113], [114] make the gold nanoparticle-coated sensor unique, and has
great potential in biochemical sensing, which would otherwise difficult to achieve
through an uncoated sensor.
4.2
4.2.1

Sensor with sputter-coated gold layer
Development of the sensor
For the fabrication of an SP-FLRD sensor, the plastic jacket of a 10-cm section of

a 120 m long single-mode fiber (Corning SMF 28-e) was stripped out, and the fiber
section was etched with a 48% hydrofluoric acid solution. To ensure an expected etching
result, the etching process was monitored in real time by observing changes in ringdown
time, as described in the literature [108]. After etching for approximately 38 min, about 3
µs change in ringdown time was observed, and the resulting fiber diameter was measured
to be 15-20 µm, using images from a scanning electron microscope. Then, the fiber
section was rinsed with deionized (DI) water and dried with a nitrogen blow. A gold layer
with a maximum thickness of 50 nm was deposited on one half (180°) of the cylindrical
surface of the etched fiber sensor head by using a thermal evaporator. The gold-coated
fiber segment was then spliced into the rest of the fiber loop, as shown in Fig. 4.1.
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Figure 4.1

Sensor head with gold layer coated by sputter coating.

Figure shows the experimental scheme for the SP-FLRD sensor. A portion of the sensor
head is enlarged to show the details (3-D view, layers are not in the scale) of the sensing
region. The upper 180-degree surface of the sensor head is coated with a gold layer.
4.2.2

Results
The round-trip time, 580 ns, was calculated using 𝜏𝑟 =

𝑛𝐿
c

, where n is the

refractive index of the core of the SMF (1.4491), and L, the length of the fiber loop, is
120 m. The splicing loss for the fiber was 0.02-0.04 dB, which was estimated by the
splicer. The fiber transmission loss at this wavelength was estimated to be 0.036 dB. The
loss on each fiber coupler was 0.02 dB. With these losses on the fiber loop without a
sensing event, calculated ringdown time was 23-26 µs (Fig. 4.2), which was consistent
with the observed ringdown time. The sensing behavior of the SP-FLRD sensor was
observed by change in ringdown time. Initially, reproducibility of the ringdown signal
was tested when the sensor head was exposed to air, and then it was immersed in DI
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water, to observe the response in two different media of different refractive indices: air
(n1) and water (n2). Results are presented in Fig. 4.2.

Figure 4.2

Response of the gold-coated fiber sensor.

Figure shows the behavior of the ringdown time for the SP-FLRD sensor. When the
sensor is immersed in water, the ringdown time decreases, i.e., if 𝑛1 < 𝑛2 , then 𝜏1 > 𝜏2 ,
where 𝑛1 , 𝑛2 are refractive indices of surrounding media (air and water respectively)
and 𝜏1 , 𝜏2 are corresponding ringdown times.
For the current configuration of the sensor head, it was difficult to obtain an exact
calculation of the ringdown time because one half of the surface was gold-coated which
offers the sensing principle based on the surface plasmon absorption and the other half of
the surface was uncoated which follows the sensing principle based on the EF
absorption/scattering. To explain the behavior of the gold-coated SP-FLRD sensor, the
normalized transmitted power from the fiber was calculated by using the transfer matrix
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method (TMM), as described in the literature [115], [116]. In TMM calculation, the
Fresnel reflection coefficient for P polarized light is given by,
(𝑀 +𝑀 𝜂 )𝜂 −(𝑀 +𝑀 𝜂 ) 2

𝑅 = |(𝑀11 +𝑀12 𝜂𝑁 )𝜂0 +(𝑀21 +𝑀22 𝜂𝑁 )|
11

12 𝑁

0

21

22 𝑁

(7.1)

where,
[𝑀] = ∏𝑁−1
𝑘=1 ([
𝛿𝑘 =

cos 𝛿𝑘
−i𝜂𝑘 sin 𝛿𝑘

2𝜋 𝑑𝑘
𝜆

−isin 𝛿𝑘 ⁄𝜂𝑘
])
cos 𝛿𝑘

(𝜀𝑘 − 𝑛02 sin2 𝜃0 )1⁄2
1/2

𝜀

𝜂𝑘 = (𝜇𝑘 )
𝑘

1
cos 𝜃𝑘

(7.2)
(7.3)
(7.4)

In the equations, k (=1 …N) represents the number of layers, 𝜀𝑘 and 𝜇𝑘 are the real and
imaginary part of the complex refractive index of the respective layers, 𝑑𝑘 is the
thickness of the respective layers. The transmitted power was calculated by considering 5
cm long single-mode fiber with four different layers: (1) the fiber core of 8 µm in
diameter, (2) the cladding of 8 µm, (3) the gold layer of 50 nm, and (4) the sensing
medium. The same section of the fiber without etching (125 µm cladding layer) was
considered as the reference level. A plot of transmitted power vs. wavelength for four
different refractive indices of the surrounding medium; 1.3335, 1.3368, 1.3844, and
1.4018, was obtained, which is presented in Fig. 4.3. From Fig. 4.3, in the current
working region of the wavelength, with an increase in refractive index of the surrounding
medium, the transmitted power through the gold-coated fiber decreases. Hence, due to
the surface plasmon absorption, higher the refractive index of the surrounding medium,
higher is the loss in the sensor head; consequently, a shorter ringdown time, e.g., if n1 <
n2, then τ1 > τ2, where n1, n2 are the refractive indices of the surrounding media, and τ1, τ2
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are their corresponding ringdown times. This analysis is qualitatively in agreement with
the experimental observations of the SP-FLRD sensors, as shown in Fig. 4.2 and Fig. 4.4
below.

Figure 4.3

Normalized transmitted power for SP-FLRD sensor.

Normalized transmitted power calculated for four different arbitrary refractive indices
1.3335, 1.3668, 1.3844, and 1.4018. In the current working region of the sensor (1597
nm), higher the refractive index of the medium, lower is the transmitted power (more
absorption), which leads to a shorter ringdown time.
To further demonstrate the sensor’s discriminating response in the surrounding
media with different indices, the SP-FLRD sensor was tested with aqueous solutions of
glycerol of concentrations at 0% (i.e., DI water), 25%, and 50% by weight. Fig. 4.4
shows the response of the sensor head to the media of the different refractive indices. As
seen in the figure, with an increase in the refractive index of the surrounding media
(n1 < n2 < n3 < n4), ringdown time decreases (τ1 > τ2 > τ3 > τ4). Also, as seen in Fig. 4.4, the
sensor’s response was fast (<1 second for a single event), stable, and reproducible.
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Figure 4.4

Response of the sensor with different indices.

The response of the SP-FLRD sensor when it was in the media of the different refractive
indices: air, water (0% glycerol), 25% glycerol and 50% glycerol.
For the current SP-FLRD sensor head, only one half of the etched fiber surface
was coated with gold, the other half of the etched fiber surface was left uncoated, as
illustrated in Fig. 4.1. Therefore, the uncoated half of the fiber surface works on the
sensing mechanism of the EF-FLRD sensor, and the gold-coated half of the fiber surface
works on the sensing mechanism of the SP-FLRD sensor. These two sensing mechanisms
have opposite effects on the change in ringdown time. For the gold-coated surface, when
the refractive index of the surrounding medium increases, ringdown time decreases (i.e.,
if n1<n2, then τ1> τ2). In contrast, for the uncoated surface, when the refractive index of
the surrounding medium increases, ringdown time increases (i.e., if n1<n2, then τ1> τ2) 19.
Fig. 4.5 shows the response of the sensor when the sensor was tested in air and water
before the sensor head was half-coated with the gold layer.
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Figure 4.5

Typical response of the uncoated sensor.

The behavior of the ringdown time for the uncoated sensor head. When the uncoated
sensor head is immersed in water (an increase in refractive index of the surrounding
medium), the ringdown time also increases.
Although the change in ringdown time in Fig. 4.5 is more significant than the
change in ringdown time for the same media in Fig. 4.2, it should be noted that the
response of the sensor in Fig. 4.2 is due to the two counter-responsive mechanisms of the
SP-FLRD and the EF-FLRD that co-exist on the same sensor head, while the response in
Fig. 4.5 is solely due to the EF-FLRD mechanism. In the experimental results (Figs. 4.2
and 4.4), the behavior of the gold-coated sensor is still represented by the SP-FLRD
mechanism, whereas the two counter-responsive mechanisms coexist in the sensor head.
Therefore, the response of the sensor in Figs. 4.2 and 4.4 show the dominance of the SPFLRD mechanism over the EF-FLRD mechanism. These results indicate that the
sensitivity of the SP-FLRD sensor is higher than the EF-FLRD sensor if two sensor heads
67

have the same geometry, and one is entirely gold-coated, and the other is bare claddingetched fiber.
Note that the fiber and the fiber couplers used in the current work are not
polarization maintaining components. Therefore, the state of the polarization of the light
propagating through the sensor head is uncertain. Since a single mode fiber was used, in
which the polarization mode rapidly evolved [117], it was therefore considered that
during several round trips, on average, 50% of the total propagation was p-polarized
light, and this p-polarized light, while traveling through the sensor head, resulted in the
surface plasmon based absorption. This consideration explains the observed experimental
results of the gold-coated sensor.
In this demonstration of the proof-of-concept, the baseline stability of the SPFLRD sensor was 0.21%. For refractive index sensing, the calculated minimum detection
limit of the sensor was 0.023 refractive index unit (RIU). This detection limit was
calculated by using the four sets of data points for the refractive indices: air, DI water,
25% glycerol (1.3640), and 50% glycerol (1.3981), and one standard deviation of
ringdown time was taken as the minimum detectable change. The refractive indices of
glycerol solutions were adopted from the literature [118]. This low index sensitivity is
due to the counter-effect of two different sensing principles. It does not disenable us to
speculate several advantages and potential improvements of the SP-FLRD sensing
technique. First, an SP-FLRD sensor has the ringdown based sensing scheme, which
simplifies the design of the optical fiber SP sensor because it does not require the spectral
analysis of the signal. Second, it does not require the precise control and maintenance of
the polarization state of light. Finally, compared to the uncoated EF-FLRD index sensors,
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an SP-FLRD sensor will be more useful in the field of biochemical applications because
of the better affinity of gold toward biochemical molecules.
Since the results in Figs. 4.2 and 4.4 came from the net effect of the two counterresponsive mechanisms, it is therefore proposed that the present SP-FLRD sensor has
immense potential and its performance can be improved by 1) coating the entire sensor
head (360° gold coating) to eliminate the counter-responsive effect, and 2) using a light
source at a wavelength closer to the resonance dip of the SPR. Therefore, the sensor head
(the gold-coated surface) will have higher SP absorption that will improve the sensitivity
of the SP-FLRD technique.
4.2.3

Conclusion
Fiber optic sensors have been widely used in chemical, biological, and physical

sensing in various situations. Among a wide variety of fiber optic sensors, surface
plasmon-based fiber optic sensors have advantages of strong interface interaction, high
sensitivity, and low cost of fabrication. In some cases, a surface plasmon can be used for
selective interaction because of the affinity of the gold toward some biochemical
molecules, which increases its importance in chemical and biological detection, yet it
requires careful spectral analysis and control of the polarization state of the light. Here in
this study, a new concept of combining the surface plasmon sensing with the multi-pass
enhanced FLRD technique to form an SP-FLRD sensor toward sensitivity enhanced SP
fiber optic sensor is presented. We demonstrated that the sensing scheme of the new
sensor does not require the control of polarization and spectral analysis, as in traditional
optical fiber SP sensors. In principle, considering the counter-responsive effects of the
SP-FLRD sensor, whose sensor head was half coated with a thin layer of gold (the other
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half was uncoated) in the current work, it is expected that SP-FLRD sensing technique
has enormous potential for high sensitivity SP-based sensing.
4.3
4.3.1

Sensor with chemically deposited gold nanoparticle layer
Working principle

Figure 4.6

Sensor head with entire surface coated with gold nanolayer.

Sensor head with entire surface coated with gold nanolayer is shown in figure a. Figure b
shows the cross-sectional view of the sensor head.
A gold-coated sensor head works on the principle of the surface plasmon
absorption. In a traditional surface plasmon resonance sensor, interrogation of the signal
should be on the surface plasmon absorption peak or in its close vicinity. However, for
FLRD system, even a slight change in the signal intensity level resulted in a significant
ringdown change due to its multi-pass absorption. Therefore, for the gold-coated FLRD
sensor, tail region of the absorption spectrum can be utilized, yet can be obtained a very
sensitive sensor, which would be otherwise not very sensitive. For the analysis of the
absorption curve, a four-layered system was considered, as followed in the literature
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[119]. Four layers, namely: core, residual cladding, metal (gold), and sensing medium, as
shown in Fig. 4.6 and the total transmitted power from fiber section was calculated. The
sensing medium can be applied surrounding the gold layer forming the four-layer system:
fiber core, the residue of the cladding, metal (gold) layer, and the sensing medium.
Reflectivity in Kretschmann’s configuration can be calculated by using transfer matrix
method of the four-layer system, as described below.
This layer is made of the gold nanoparticle of the spherical shape of radius 10 nm.
Drude’s formula was used to calculate the complex refractive index of the metal layer
which is given by,
𝑎 𝜆2

𝑎 𝜆2

𝑎 𝜆2

𝑛1 (𝜆) = √1 + 𝜆21−𝑏2 + 𝜆22−𝑏2 + 𝜆23−𝑏2
1

2

(7.5)

3

where 𝜆 is the wavelength in micrometer, and 𝑎1 = 0.6961663, 𝑎2 = 0.4079426, 𝑎3 =
0.8974794, 𝑏1 = 0.0684043, 𝑏2 = 0.1162414, and 𝑏3 = 9.896161 (values are in
micrometer) are Sellmeier coefficients [120].
For the calculation of the total transmitted power in single mode fiber, the
numerical aperture of the fiber was taken as 0.14, and core diameter is 8 µm, for single
mode fiber. We have considered a 10 µm size of the residual cladding layer as observed
in the experiment.
Nanoparticle layer is made of the gold nanoparticle of the spherical shape of
radius 10 nm. Drude’s formula was used to calculate the complex refractive index of the
metal layer which is given by,
𝜆2 𝜆𝑐

𝜀𝑚 (𝜆) = 𝜀∞ − 𝜆2 (𝜆
𝑝

𝑐 +𝑖𝜆)

𝑏

(7.6)

where 𝜀𝑚 is dielectric constant, 𝜀∞ =1 for gold, 𝜆𝑐 and 𝜆𝑝 are bulk collision and plasma
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wavelength. Correction on the bulk collision wavelength in the Drude’s model because of
the size dependence of the spherical nanoparticle, is made according to the relation,
𝑐
𝜆𝑐

=𝜆

𝑐

𝑐𝐵𝑢𝑙𝑘

+

𝑣𝑓
𝑅

(7.7)

where c is the speed of the light in vacuum and 𝑣𝑓 is the fermi velocity. Since the metal
layer has not completely covered the fiber surface, we considered a pseudo layer of
effective refractive index given by the equation,
𝜀𝑒𝑓𝑓 (𝜆) = 𝜀𝑚 (𝜆)

(3−2𝑞)𝜀𝑚 +2𝑞𝜀𝑚 (𝜆)
𝑞𝜀𝑚 +(3−𝑞)𝜀𝑚 (𝜆)

(7.8)

where q is the volume fraction of the metal 𝜀𝑚 is dielectric constant of the metal and 𝜀𝑠 is
dielectric constant of the sensing medium. We considered the ratio of the surface covered
by the metal by processing SEM image of the fiber with image processing tool in
MATLAB.
Based on the Fresnel transfer matrix method, we calculated the total transmission power
of the fiber by integrating the product of light reflectance over the angular distribution of
the guided light, as shown in following relation [28],
𝑇(𝜆) =

𝑃𝑠𝑒𝑛𝑠 (𝜆)
𝑃𝑟𝑒𝑓 (𝜆)

=

𝜋⁄2
𝑠𝑒𝑛𝑠 )𝑁 +(𝑅 𝑠𝑒𝑛𝑠 )𝑁 ]𝑃(θ)𝑑(𝜃)
[(𝑅𝑝
𝑆
𝑐
𝜋⁄2
𝑟𝑒𝑓 𝑁
𝑟𝑒𝑓 𝑁
∫𝜃 [(𝑅𝑝 ) +(𝑅𝑆 ) ]𝑃(θ)𝑑(𝜃)
𝑐

∫𝜃

(7.9)

where 𝑇(𝜆) is total transmitted power, 𝑃𝑠𝑒𝑛𝑠 (𝜆) is the transmitted power of the fiber when
the sensor is in sensing medium, and 𝑃𝑟𝑒𝑓 (𝜆) is the transmitted power of the fiber when
the sensor is in reference medium. In the reflection coefficient, R, reflection coefficient
for p-polarized light is denoted by subscript P, and that for S-polarized light is denoted by
subscript S. If L is the length of the sensing region of the fiber, D is the diameter of the
fiber core, and θ is the angle incident angle at the interface, the total number of reflection
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within the sensor head can be calculated as [103],
𝑁(𝜃) = 𝐿⁄𝐷 tan 𝜃

(7.10)

In single mode fiber, once the light is coupled into the fiber from the laser source, the
light remains inside the fiber suffering total internal reflection. If we consider that within
the fiber, the angle of incidence for each reflection can be any value between critical
angle (θC) and 90°, the power distribution of the guided rays can be written as [93],
𝑃(𝜃)𝑑𝜃 ∝

𝑛12 sin 𝜃 cos 𝜃
(1−𝑛12 cos2 𝜃)

2

𝑑𝜃

(7.11)

where n1 is the refractive index of the fiber core. Now the total transmitted power of the
fiber optics sensor can be written as,
𝜋⁄
𝑛2 sin 𝜃 cos 𝜃
∫𝜃 2 𝑅 𝑁 (𝜃) 1
2 𝑑𝜃

𝑃𝑡𝑟𝑎𝑛𝑠 =

𝑐

2
(1−𝑛2
1 cos 𝜃)
𝜋⁄ 𝑛2 sin 𝜃 cos 𝜃
𝑑𝜃
∫𝜃 2 1
𝑐 (1−𝑛2 cos2 𝜃)2
1

(7.12)

We used Matlab program to plot normalized output power from the fiber sensor.
To verify our computer program is working correctly, we replot the absorption intensity
as reported by Kanso et al. [121] with NA value 0.20 and RI of gold as mentioned above,
and we got the result as expected. Then, the numerical parameters in the calculations
were changed to match the experimental conditions and the components we have used. A
plot of the transmission power for the localized surface plasmon FLRD sensor is shown
in Fig. 4.7.
4.3.2

The experiment
For the preparation of the sensor, about 5 cm portion of the outer jacket of a

single mode fiber (SMF 28-e) was removed by using fiber stripper (CFS-2). Then the
fiber section was cleaned with methanol and was etched in hydrofluoric acid (HF 49%,
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Sigma Aldrich) to remove the cladding. The etching process was monitored by measuring
ringdown time in real time [7]. After the desired amount of the cladding was etched out,
which was estimated by the change in ringdown time, the fiber section was cleaned with
DI water, and was ready for the coating process.

Figure 4.7

Transmission power of the LSP-FLRD sensor.

Normalized transmission power calculated for 10 nm (radius) sized gold nanoparticles for
different indices analyte solution. The calculation was made for the 5cm length of the
fiber, 20% surface covered with nanoparticles, and 5 µm residue cladding.
The process of coating gold nanoparticles (AuNPs) on the clad-etched fiber
surface was adopted from the literature [89], [91], [97]. The clad-etched section of the
fiber was immersed in piranha solution (2 parts of H2SO4 + 1 part of H2O2) for 30
minutes, which would remove any organic residue that might be present on the fiber
surface. Then the fiber section was rinsed again with DI water and immersed in 5% 3Aminopropyl tri-methoxysilane (APTMS) solution for 30 minutes. The APTMS solution
was prepared by mixing 1 ml of 97% APTMS (Sigma Aldrich) with 1 ml of deionized
water and 18 ml of ethanol. Then, the fiber section was cleaned several times with
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solvent (ethanol), followed by DI water to remove any excess polymer on it. Thus, the
prepared fiber section was treated on heat (90-100 °C) for 12 hours (overnight). Again,
the fiber surface was rinsed with DI water and was immersed in a gold colloidal solution
(10-micron AuNPs in citrate buffer – Sigma Aldrich) for 48 hours. The fiber section was
then lightly rinsed with DI water, and left to dry overnight at room temperature.
4.3.3

Results

4.3.3.1

Coating on the fiber

Figure 4.8

Response of the during coating process.

Monitoring the ringdown time during the process of etching and coating on the fiber.
During the process of removing the cladding from a section of the fiber, the
etching process was monitored by observing the ringdown time as shown in Fig. 4.8(a).
The ringdown measurement was used to estimate the etching rate and approximate final
diameter of the etched fiber section. The sharp fall on the ringdown time in Fig. 4.8(a)
75

indicates that most of the cladding of the fiber sensor has been etched out, and there was
sufficient interaction of the evanescent field with the external medium. Not only the
etching process, but the overall coating process of the fiber, was monitored by measuring
the ringdown time, which is shown in Fig. 4.8(b). The observed ringdown time decreases
with the application of the polymer, but returns to its original state once the surface is
cleaned and dried. During the coating process (while the sensor head was dipped in
AuNPs solution), the ringdown time slowly decreases as the AuNPs get deposited into
the fiber surface, as shown in Fig. 4.8(b). After the fiber sensor was used for testing
different analyte, scanning electron microscopy (SEM) images of the fiber section were
taken to observe the surface distribution of the gold nanoparticles. Fig. 4.9(a) shows the
etched, uncoated fiber surface, while Fig. 4.9(b) and Fig. 4.9(c) shows the coated fiber
surface in low and high resolution, respectively.
SEM images were taken after the sensor was used for testing with different index
solutions. Therefore, there were some foreign materials (other than gold nanoparticles)
presented on the SEM images of the fiber surface. Alternatively, it is possible that there
can be a small amount of polymer residue on the fiber surface. Even if some residue
polymer was present on the fiber surface, we assume that the error arises in the result
because this residue would be small enough in comparison with the significant effect of
the LSP absorption and can be safely ignored. Fig. 4.9(d) shows the image converted to a
binary image using MATLAB to estimate the ratio of gold nanoparticle covered surface
to the fiber surface.
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Figure 4.9

SEM images of the gold-nanoparticle coated fiber.

SEM images of the fiber sensor a) Uncoated fiber in low-resolution b) Fiber section
coated with gold nanoparticles c) High resolution of gold-coated fiber section d) Binary
image of gold-coated fiber.
4.3.3.2

Test of the sensor
Immediately after the coating process, the surface plasmon enhanced fiber sensor

was tested with different refractive index media: namely air, water, 5% 10%, 25%, 50%
v/v of aqueous glycerol solutions. The ringdown time decreases as the sensor is immersed
in solutions of higher refractive indices, as shown in Fig. 4.10(a). The refractive index of
the glycerol solution in the working wavelength was adopted from the literature [122].
The result indicates that the sensor shows the proper response when the sensor
surrounding is changed from medium of one refractive index to the medium of another
refractive index. Also, as observed in the figure, the sensor has excellent stability and
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reproducibility of the ringdown time. The linear fitting of the sensor response is presented
in Fig. 4.10(b). As observed in the figure, the response of the sensor in the range of the
tested refractive index range can be approximated by the linear response (R=0.99422).
With the 0.2% baseline stability of the signal, and 89.32 µs/RIU as the slope of the
linearly fitted line, the calculated detection limit of the refractive index for the sensor 1 is
1.1× 10-4 RIU.

Figure 4.10

Response of the sensor 1.

Sensor 1 a) Response of the sensor 1 in the glycerin solution of different concentration
(0%, 5%, 10%, 25%, 50%) b) Linear fitting of the sensor.
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Figure 4.11

Response of the sensor 2.

Response of sensor 2 a) raw ringdown data for air, DI water, and different concentration
of glycerin solution (5%, 10%, and 15% V/V) b) Ringdown response for different
concentration of glycerin solution (Air data removed), c) linear fitting of the ringdown
response with refractive index.
The experiment has been repeated with another fiber sensor, fabricated with the
same procedure as described above. However, it is challenging to reproduce the etching
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rate of the fiber cladding exactly, including the distribution of metal nanoparticles
deposited on the surface of the fiber sensor. Therefore, the ringdown time and the
detection sensitivity of the sensor is different for each of the individual sensors. Fig.
4.11(a) shows the response of the another FLRD sensor (sensor 2) with different media of
different refractive indices: air, water, 5%, 10% and 15% V/V aqueous solution of
glycerol. Fig. 4.11(b) shows the scatter plot of the ringdown response of the sensor for
water, 5%, 10%, and 15% glycerol solutions, while Fig. 4.11(c) shows the linear fitting of
the average ringdown time for each of the solution.

Figure 4.12

Response of sensor 2 at higher index region.

Sensor 2, a) ringdown response of the sensor with glycerin solution of higher
concentration b) Linear fitting of the ringdown time at different refractive index.
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For sensor 2, in the refractive index range of 1.31-1.33 RIU, the minimum detection limit
of the sensor is 3.9× 10-4 RIU. Sensor 2 was further tested with solutions of glycerin with
concentrations ranging from 72% to 80% (the refractive index range 1.39-1.40 RIU). The
ringdown response of the sensor is presented in Fig. 4.12. At this refractive index range,
we observed the shorter ringdown time as it is expected from the theory above, however,
the signal was more stable. With the measured sensitivity of the sensor, 37.48 µs/RIU,
and the baseline stability obtained in this range, 0.087%, the calculated minimum
detection limit of the sensor was 2.32 ×10-4 RIU.
We have fabricated one more sensor (sensor 3) with the similar procedure, and the
sensor was again tested with the same set of glycerol solutions of different concentration
with indices ranging from 1.39-1.40. Fig. 4.13(c) shows the plot of refractive index vs.
ringdown time which is a straight line showing the linear response of the sensor in the
tested range of refractive index. Also, the minimum detection limit of the sensor in this
range was calculated by taking one standard deviation of time as the minimum detectable
change, and the calculated minimum detection limit of the sensor and the minimum
detection limit of the sensor is found to be 4.6×10-5 RIU.
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Figure 4.13

Response of the SPR sensor 3.

The response of the sensor 3 in index range 1.39-1.40 RIU. a) Raw data with higher
ringdown time in the water, lower ringdown band for different glycerol solutions and the
instant peak was during the transition of the sensor from water to glycerol solution. b)
Ringdown time for the different index solution, c) linear fitting of the response of the
sensor.
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4.3.3.3

Range of the FLRD SPR sensor
Despite the high sensitivity of the sensor with the simple experimental setup as

described in the previous section, LSPR index sensor can be utilized for the broad verity
of the sensor with a refractive index ranging from 1.0 to 1.41 RIU (close to fiber
cladding). This extensive dynamic range of the sensor has been achieved with the single
setting of the experiment with a slight adjustment of the gain level of the PD detector.
The entire range of the refractive indices was covered with no additional experimental
setup. This feature of the FLRD SPR sensor adds more flexibility in the use of the sensor.

Figure 4.14

SPR sensor response in index range from 1.3141 to 1.4390.

Sensor response in index range from 1.3141 to 1.4390. The FLRD system was optimized
to cover the maximum range possible without changing the setup.
In the experiment, the sensor was tested in DI water, and different standard Index
solution (Cargille lab) with index range from 1.32 to 1.34 RIU. The sensor could provide
a response to all the index with this range without any additional experimental setup (Fig.
4.14). In this test, our focus was on the range of the sensor rather than the detection limit,
and the system was not optimized for a small range. Therefore, the ringdown time was
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not the primary concern and thus presented as normalized (0,1) ringdown time. However,
when the gain setting on the PD detector is set to a higher level, the exponential decay
curve will deviate from the single exponential decay when the system has a minimal loss
on the sensor head. If the PD is optimized for the low-loss situation, during the higher
loss (higher index detection), the signal level on the PD would be below the detection
threshold of the PD. Therefore, an adjustment on the PD was required to cover the entire
range from 1.0 to 1.4 RIU. Figure 4.15 shows the response of the sensor in the range 1.0
to 1.33 RIU.

Figure 4.15

SPR sensor response in index range from 1.00 to 1.33.

Sensor response in index range from 1.00 to 1.33. The FLRD system was optimized to
cover the maximum range possible without changing the setup.
4.3.4

Comparison of the result with literature
In the current experiment, the interrogation of the signal was performed in the tail

region of the SPR absorption spectrum. However, as observed in the Fig 4.7, a stronger
absorption can be obtained by taking a source of a lower wavelength, towards the
wavelength region of the absorption dip. For example, as shown in Fig.4.7 (solid vertical
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arrow), at wavelength 1550 nm, changing the refractive index from 1.395 to 1.405
changes the transmittance by 1.4%. For the same change in index, choosing another
wavelength, e.g., 1300 nm, produces the change in transmittance by 2.66% as shown in
Fig 4.7 (dotted vertical arrow). Therefore, using the same system with 1300 nm light
source, the change in the optical loss increases by 1%. Since the baseline of a typical
FLRD system is 0.1%, about ten-fold increase in sensitivity can be achieved. Therefore,
using a simple experimental setup of FLRD system, an index detection limit of 10-6 RIU
or better can be realized. For the comparison of our result, some of the most recent
reports on SPR-based refractive index sensor are summarized in Table 4.1.
Table 4.1

Most recent SPR index sensors in literature.

Sensitivity
2556.8 nm/RIU

Index detection
limit
3.9×10-5 RIU

Interrogation
Technique
Spectral

reference

-

3.7×10-5 RIU

Optical power

5212 nm/RIU

1.9×10-5 RIU

Spectral

Wei et al. 2017 [125]

4365.5 nm/RIU

2.2×10-5 RIU

Spectral

Zhao et al. 2016 [126]

7500 nm/RIU

1.3×10-5 RIU

Spectral

Liu et al. 2017 [127]

23,000 nm/RIU

4.3×10-6 RIU

Spectral

Rifat et al. 2016 [128]

1600 nm/RIU

6.2×10-5 RIU

Spectral

Al-Qazwini et al. 2016 [129]

3233 nm/RIU

3.0×10-5 RIU

Spectral

An et al. 2017 [130]

1445 nm/RIU

6.9×10-5 RIU

Spectral

Cheng et. al. 2016 [131]

112 µs/RIU

4.6×10-5 RIU

Time-domain

Tao et al. 2016 [123]
Michel et al. 2017 [124]

Current

Bulk refractive index detection limit for some of the most recent SPR based index sensors
in the literature.
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As explained in a review report published more recently by Albert et al. [132], the
best sensitivity for a cladding etched SPR sensor is 4000 nm/RIU and for a tapered fiber
SPR sensor is 11,800 nm/RIU. In the spectral-based interrogation, the sensitivity of the
sensor is expressed in S= ∆λ/RIU. For those sensors, the bulk index detection limit in
RIU is given by σ/S, where σ depends upon the resolution of the OSA, as well as the
separation of SPR spectra (measured in full wave half maxima, FWHM) [131].
Considering σ as 0.1 nm for typical SPR spectra, which can be achieved only with a
modest spectrometer, the refractive index detection limit we have achieved is comparable
with those achieved by a sophisticated system. Some of the most recent results of SPR
based index sensors in the literature are summarized in Table 4.1.
4.3.5

Conclusion
In the experiment to demonstrate the alternative interrogation technique for the

surface plasmon-based fiber optic sensor, three different sensors were fabricated in the
lab with a layer of chemically-deposited 10 nm sized gold nanoparticles. These sensors
were integrated with the FLRD system, and the sensor was tested with different refractive
indices of solutions in the range 1.00-1.40 RIU. Further, the sensor was optimized to get
the maximum detection sensitivity of the sensor near the refractive index 1.33 RIU and
1.40 RIU. The sensor shows a fast response, and good reproducibility, with the minimum
detection limit of 4.65×10-5 RIU. The detection sensitivity achieved by using a costeffective laser diode as the source, a PD as a detector, without the requirement to use of
an OSA, and without the requirement to control the polarization state of the light, is
significant and will be very useful to simplify the sensing system. Furthermore, the
experiment shows that, with some improvements of the system, for example, by choosing
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the wavelength of the laser source towards the absorption dip of the transmission spectra,
by improving the nanoparticle coating on the fiber surface, and possibly by controlling
the polarization state of the light used in the experiment, the sensitivity of the sensor can
be significantly improved. All of these features make the surface plasmon-based FLRD
technique unique and attractive for the applications.
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CHAPTER V
SUMMARY OF RESEARCH AND FUTURE WORK
5.1

Summary of the results
In the present study, we developed a new highly sensitive fiber optic strain sensor

utilizing the fiber loop ringdown technique. We developed a new concept of the micro air
gap integrated into the fiber loop as the sensor head. More importantly, we have utilized
the concept of the changing air-gap size with the measurement events. In the air-gap, the
amount of light coupled from one end to another end significantly changes with the
distance between the fiber ends. Therefore, the sensor developed is a high sensitivity
sensor. Moreover, one of the most key features for a strain sensor is its low crosstemperature sensitivity. Furthermore, most of the fiber optic strain sensors in the
literature use spectral interrogation, in which the sensitivity of the sensor depends upon
the resolution of the optical spectral analyzer. Furthermore, in the spectral interrogation
method, despite the high resolution of the OSA used, the narrow absorption dip (small
FWHM) on the absorption spectra is required for better sensitivity sensor. These strict
requirements of most of the counterpart fiber optic strain sensor make them difficult to
realize in the applications.
Here, in the present study, we have used the FLRD technique with the temporal
interrogation of the signal. Therefore, with the use of a PD as a detector, and a diode laser
as the laser source, a detection sensitivity of 65 nε was obtained with a low-temperature
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cross-sensitivity of 37 nε. Moreover, the sensitivity of the sensor can be enhanced with
the increase in the sensor. Because of these extraneous features of the FLRD strain
sensor, it carries an imminent possibility for the use in the various field of the
applications, e.g., aerospace engineering, geophysical studies, structural health
monitoring, etc.
The FLRD strain sensor was further tested for the application to monitor
prestressed concrete structures. For the test of the concept, several concrete beams were
constructed, with the unbonded post-tensioned rod at the central longitudinal axis of the
concrete beams. The two FLRD strain sensors were used in each concrete beam: one
sensor was attached to the PT rod, while the other sensor was embedded into the
concrete. Once the concrete beam is cured to the maturity, the FLRD strain sensors were
connected to the primary FLRD system, and the PT rod was stressed to 350 MPa
pressure. During the stressing process, the signal from both sensors on the concrete was
monitored. Both sensors have shown an immediate response to the minimum amount of
stress that can be applied using the hydraulic system (19.5 MPa). Once the concrete was
prestressed, the concrete beam was subjected to a three-point loading test. In the threepoint loading test, 1 kN load was applied in each step. The sensor embedded in the
concrete responded immediately with the applied load, whereas a hairline crack was
observed at a load of 7 kN. Moreover, the minimum detectable load for the sensor
embedded in the concrete beam was 0.1 kN.
For chemical and biomolecule sensing, we have developed a new concept of
integrating the surface plasmon-based sensing scheme with the FLRD technique. The
purposed method has several benefits over the conventional method. For example, the use
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of PD as a detector instead of an optical spectral analyzer significantly simplifies the
sensing system, along with lowering the cost of the system. Moreover, with the use of
temporal interrogation scheme of the FLRD system, the signal does not get affected by
the fluctuation of the intensity of the laser source. This also further simplifies and lowers
the cost of the sensing system. Even with these simplifications on the system design,
ultimate detection sensitivity of the sensor does not degrade because of the multi-pass
interaction of the light with the sample in contact with the sensor head.
For the proof-of-concept study, a sensor with 50 nm gold deposited with
sputtering vapor deposition method was developed with half of the surface coating with a
gold layer and the other half of the cylindrical surface remain uncoated. The sensor was
integrated with the FLRD system and tested with the surrounding of different refractive
index. Since half of the surface was gold-coated and half of the surface was uncoated,
there was two counter-responsive behaviors of these two sensor surfaces. The net
behavior of the sensor was controlled by the mechanism of the gold-coated layer,
demonstrating that the gold-coated sensor would be more responsive than the non-coated
sensor.
A fiber sensor with gold nanoparticles coated on the entire surface of the sensor
head was developed. Because of the affinity of the gold nanoparticles towards
biomolecules, the gold nanoparticles-coated sensor has extensive applications in the
characterization of the biomolecules. In the present proof-of-concept study, the sensor
was tested with different index solutions. The sensor has a sensitivity of 115 µs/RIU,
corresponding to the minimum detection limit of 4.6×10-5 RIU, and the sensor has a
broad dynamic range of 1.0 RIU (air) to 1.44 RIU. The sensitivity of the sensor would be
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significantly higher with a better coating surface of the fiber, choosing the frequency of
the laser source towards the absorption dip of the SPR transmission spectra and possibly
by controlling the polarization state of the light. Therefore, this technique has significant
potential in its applications.
5.2

Future work in strain sensor and application
The strain sensor developed in this work shows an exceptional detection limit

despite its simplicity in design. However, the experimental detection limit was
significantly higher than the one calculated using the theoretical loss. This signal
indicates that there is still room for improvement in the sensor design. Moreover, the
fiber sensor was very fragile, and the sensor with fiber ends, which were free to move, is
difficult to transport and integrate into the application. Therefore, an improvement in the
sensor design and production of the sensor is required.
Moreover, the sensor with the air-gap between the fiber tips offers a substantial
initial optical loss for the sensor system. A higher optical loss on the FLRD system
reduces the number of the round trips that a light pulse makes before its intensity ceases
to a level below the detection threshold of the detector. This is one of the significant
factors to degrade the performance of the FLRD system. However, an improvement on
this issue can be made with some liquid (e.g. index matching liquid) filled in the gap
between the fiber ends. With this improvement, the initial optical loss of the system can
be significantly reduced, which would allow the system to operate on a broader dynamic
range.
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5.3

Future work in SPR sensor
Despite the use of a cost-effective PD as a detector to replace a comparatively

expensive OSA traditionally required for the SPR sensor, the SP-FLRD sensor has shown
competitive refractive index sensing. Because of the limitations on the resources, some of
the potential improvements on the SP-FLRD sensors which, can be readily done, have
not be exploited in the current work. For example, as presented in Fig. 4.7, moving
towards the wavelength of the absorption dip in the absorption spectra, the vertical
separation between the individual line increases, which would improve the sensitivity of
the SPR sensor. Moreover, in the literature, an SPR sensor with tapered fiber has shown
higher sensitivity [132] than a cladding-etched sensor, therefore utilizing gold deposited
on a tapered fiber might increase the sensitivity of the SPR based FLRD sensor as well.
Moreover, the choice of the material for coating on the fiber surface can be different from
gold, which would increase the vertical separation of the individual line presented in Fig.
4.7. The choice of the material can be another single metal, a metallic alloy, metal-oxide
layers, or even a layer of carbon nanotubes, given the coated layer fulfilled the conditions
for the surface plasmon absorption.
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///////////////////TMM12, modified form tmm10//////////////
%//////////////////////////////////////////////////////////
%|||||||||||TRANSFER MATRIX METHOD FOR SPR|||||||||||||||||
%||||||||||FIXED WAVELENGTH,DIFFERENT ANGLE||||||||||||||||
%\\\\\\\\different nsilica/angle integration\\\\\\\\\\\\\\\
%\\\\\\\\\\\\\\\\\\\21/02/2018\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
%\\ \\
%\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
function []=tmm12()
close all;
clear all;
%*****************
%define constants
%*****************
lambda=750:2:1600; %Wavelength range
n=[NaN,NaN,NaN,NaN,NaN]; %5 layer system, refractive index of each layer to be
defined later
h=[NaN,5000,0,20,NaN];
%thickness of each of the 5 layer, thickness of first
and last layer not required
L=5;
%This is length of fiber section in cm
D=0.0008;
%Diameter of the fiber, in cm unit. required to calculate
number of reflections
NA=0.14;
%Numerical Aperature for the multimode fiber, change to 0.09
or smaller for SMF
q=0.2;
%surface density ratio of the gold layer (pseudolayer)
%******************************
%Call funtions and calculations
%******************************
%Index=[1.3926,1.3950,1.3973,1.3997,1.4021]; %RI for glycerol solutions
Index=[1.33,1.34,1.35,1.36,1.37,1.38,1.39,1.40];%RI of the different sensing
media
OPP=zeros(length(lambda),length(Index));
for d=1:length(Index)
%Select one medium for calculation
n(5)=Index(d);
%Index of sensing layer
for c=1:length(lambda)
n(1)=nSilica(lambda(c));
%RI of the Index of fiber core, wavelength
dependent
n(2)=sqrt((n(1))^2-NA^2);
%Index of fiber cladding, wavelength
dependent
n(3)=nAu(lambda(c));
%Index of gold layer
n(4)=sqrt((n(3))^2*((3-2*q)*(n(5))^2+2*q*(n(3))^2) ...
/(q*(n(5))^2+(3-q)*(n(3))^2));
%refractive index of the pseudolayer,
%Equation 5, Kanso et. al.
%
display(n)
thetai=(asin(n(2)/n(1)))*180/pi;
%Integration start from cirtical angle
%in degree
%>>>>>>>>>>>>>Integration steps of angle<<<<<<<<<<<<<<<<<<<<<<<<<<<<<
theta_d=thetai:0.01:90;
%theta interval in degree
%>>>>>>>>>>>>>Integration steps of angle<<<<<<<<<<<<<<<<<<<<<<<<<<<<<
theta=theta_d*pi/180;
%angles in radian
intv=((pi/2-thetai*pi/180)/length(theta)); %interval to integrate
TPNFR=0.0;
%Total, P-pol, Numerator, Feshnel Reflection
TSNFR=0.0;
%Total, s-pol, Numerator, Feshnel Reflection
TPDFR=0.0;
%Total, P-pol, Denominator, Feshnel Reflection
RTPNFR=0.0;
%Ref Total, P-pol, Numerator, Feshnel Reflection
RTSNFR=0.0;
%Ref Total, s-pol, Numerator, Feshnel Reflection
for b=1:length(theta)
%Looping with theta
Nref=L/(D*tan(theta(b)));
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PO=n(1)^2*sin(theta(b))*cos(theta(b))/((1(((n(1))^2)*(cos(theta(b))^2)))^2);
%Power distribution with respect to the lunch angle
%****************************************************************
%****************FOR SENSING LEVEL ***************************
%****************************************************************
PFR=Freshnel(n,theta(b),lambda(c),h,1); %Call Freshnel coeff for
every theta, FOR P
SFR=Freshnel(n,theta(b),lambda(c),h,0); %Call Freshnel coeff for
every theta, FOR S
PNFR=(PFR^Nref)*PO*intv;
SNFR=(SFR^Nref)*PO*intv;
PDFR=PO*intv;
TPNFR=TPNFR+PNFR;
TSNFR=TSNFR+SNFR;
TPDFR=TPDFR+PDFR;

%Calculate numerator FOR P
%Calculate numerator FOR S
%Calculate denominator
%Sum up numerator FOR P
%Sum up numerator FOR S
%Sum up denominator P

%****************************************************************
%****************FOR REFERENCE LEVEL ***************************
%****************************************************************
RPFR=Freshnel([n(1),n(2),n(3),n(4),1.0],theta(b),lambda(c),...
h,1);
%Call Freshnel coeff for every theta, FOR P
RSFR=Freshnel(n,theta(b),lambda(c),...
h,0);
%Call Freshnel coeff for every theta, FOR S
RPNFR=(RPFR^Nref)*PO*intv;
RSNFR=(RSFR^Nref)*PO*intv;

%Calculate numerator FOR P
%Calculate numerator FOR S

RTPNFR=RTPNFR+RPNFR;
RTSNFR=RTSNFR+RSNFR;

%Sum up numerator FOR P
%Sum up numerator FOR S

end
disp([num2str(((d-1)/length(Index)+((c)/(length(Index)…
*length(lambda))))*100) '% done...'])
OPP(c,d)=1/2*(TPNFR/RTPNFR+TSNFR/RTSNFR);
end
end
display(OPP);
%******************
%figure starts here
%******************
display(Index);
figure
hold on
plot(lambda,OPP)
xlim([lambda(1) lambda(end)])
ylim([0 1])
xlabel('Wavelength (nm) ')
ylabel('Normalized ransmitted power')
title('SPR Plot, TMM method, total transmitted power')
C=num2str(Index(:));
legend( C,'location','northeast')
annotation('textbox',...
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[0.68 0.275 0.27 0.28],...
'String',{'plot informations',...
['Ncore =' num2str(n(1))],...
['Nclad =' num2str(n(2))],...
['dclad (nm) =' num2str(h(2))],...
['dAu (nm) =' num2str(h(3))],...
['core diameter (um) =' num2str(D*10000)],...
['length of fiber (cm) =' num2str(L)],...
['Int. step =' num2str(intv)]},...
'FontSize',8,...
'lineStyle','-' ,...
'FontName','Arial');
end
function [FR]=Freshnel(n,phi,lambda,h,p)
%*************************************************
%***********theta from snells law ****************
%*************************************************
k=length(n);
theta=zeros(1,k);
delta=zeros(1,k-1);
Nr=zeros(1,k-1);
Dr=zeros(1,k-1);
Fr=zeros(1,k-1);
Ft=zeros(1,k-1);
theta(1)=phi;
for a=1:k-1
theta(a+1)=real(asin(n(a)/n(a+1)*sin(theta(a))))1i*abs(imag(asin(n(a)/n(a+1)*sin(theta(a)))));
end
%**************************************************
%**************define phase angle******************
%**************************************************
for a=1:length(n)-2
delta(a)=2*pi*h(a+1)*n(a+1)*cos(theta(a+1))/lambda;
end
%***************************************************
%*******define matrix and calculate coefficients****
%***************************************************
%P-Polarized case
if p==1
for a = 1: length(n)-1
Nr(a) = (n(a)*cos(theta(a+1))-n(a+1)*cos(theta(a)));
Dr(a) = (n(a)*cos(theta(a+1))+n(a+1)*cos(theta(a)));
Fr(a) = Nr(a)/Dr(a);
Ft(a) = 2*n(a)*cos(theta(a))/Dr(a);
end
elseif p==0
%S-Polarized case
for a=1:length(n)-1
Nr(a)=(n(a)*cos(theta(a))-n(a+1)*cos(theta(a+1)));
Dr(a)=(n(a)*cos(theta(a+1))+n(a+1)*cos(theta(a)));
Fr(a)=Nr(a)/Dr(a);
Ft(a)=2*n(a)*cos(theta(a))/Dr(a);
end
else
display('Define polarization, 1 for P and 0 for s polarization')
end
% display(Fr);
%***************************************************
%***************************************************
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M = [1,0;0,1];
for a = 1:length(n)-2
M=M*1/Ft(a)*[1,Fr(a);Fr(a),1]*[exp(-1i*delta(a)),0;0,exp(1i*delta(a))];
end
M=M*1/Ft(length(n)-1)*[1,Fr(length(n)-1);Fr(length(n)-1),1];
Frtotal=M(2,1)/M(1,1);
% Fttotal=1/M(1,1);
FR=abs((Frtotal)^2);
%
FT=(abs(Fttotal))^2*real(n(length(n))*cos(theta(length(n)))/(n(1)*cos(theta(1))
));
end
%\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
%/////////////////////////////////////////////////////
%|||||||Refractive index of gold with wavelength||||||
%\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
%/////////////////////////////////////////////////////
function[ngold]=nAu(lambda)
epsiloninf=1.54;
lambdap=143;
gammap=14500;
A1=1.27;
lambda1=470;
phi1=-pi/4;
gamma1=1900;
A2=1.1;
lambda2=325;
phi2=-pi/4;
gamma2=1060;
epsilon=epsiloninf-1/(lambdap^2*(1/lambda^2+1i/(gammap*lambda)))...
+A1/lambda1*(exp(phi1*1i)/(1/lambda1-1/lambda-1i/gamma1)+exp(phi1*1i)/(1/lambda1+1/lambda+1i/gamma1))...
+A2/lambda2*(exp(phi2*1i)/(1/lambda2-1/lambda-1i/gamma2)+exp(phi2*1i)/(1/lambda2+1/lambda+1i/gamma2));
ngold=sqrt(epsilon);
end
%\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
%/////////////////////////////////////////////////////
%|||||||Refractive index of Silica||||||
%\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
%/////////////////////////////////////////////////////
function[nSilica]=nSilica(lambda)
a1 =0.6961663;
a2 =0.4079426;
a3 =0.8974794;
b1 =0.0684043; %unit micrometer
b2 =0.1162414; %unit micrometer
b3 =9.896161; %unit micrometer
lambdaa=lambda/1000;
nSilica=sqrt(1+a1*lambdaa^2/(lambdaa^2-b1^2)+a2*lambdaa^2/(lambdaa^2b2^2)+a3*lambdaa^2/(lambdaa^2-b3^2));
end
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